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CHAPTER I:
INTRODUCTI ON
1. GENERAL
Crystals and crystal 1 ization are play.ing an important role in every 
day life. Nowadays, in modern solid state electronics, crystals are used, 
which are grown by employing special growth techniques. In industry, cryst- 
tallization is commonly used as a purification technique for the produc- 
tion of large quantities of fertiIizers, sugar and many other products.
Also in the world of medical sciences, interest in crystal growth proces- 
ses have grown considerably, because teeth, bones, renal calculi etc. are 
the result of a crystal1ization process. Other important applications of 
crystals and crystal1ization may be found with regard to the present energy 
problem: e.g. in the production of solar cells, crystal1 ization as a puri­
fication technique in the petrochemical industry instead of or parallel to 
desti1lation, in order to save energy etc.
In many models, developed to describe crystal growth theoretically, 
it is assumed, that a crystal grows layer by layer. Up till 1949, it was 
assumed, that these layers had to be formed by a two-dimensional nucleation 
mechanism [1-4] and it was noticed, that this two-dimensional nucleus had 
to become larger than a certain critical size. A serious problem involved 
in this model is, that it predicts, that below a certain value of the 
driving force for crystal1ization, no measurable growth w i 11 occur and this 
behaviour of the growth rate was not observed experimentally. This problem 
was not solved, until in 1949 Frank [5] realized, that a dislocation with 
a screw component ending perpendicularly on a crystal face acts as a con- 
tinuous source of steps, by the formation of a growth spiral around its
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outcrop. Since the discovery of this "spiral growth mechanism", the theory 
on crystal growth has been developed rapidly. Particularly Monte Carlo 
simulations and other investigations, on the stability of crystal surfaces 
against perturbations, have contributed to a better understanding of the 
conditions under which crystals grow layer by layer. Unfortunately, the 
verification of the theories by experiments is lagging behind, as is clear 
from the reviews on growth from the vapour phase [6], the melt [7] and the 
solution phase [8-13]
In part one of this thesis, various aspects of the growth of some 
organic materials will be described in a qualitative way. In part two, a 
more quantitative investigat ion of the growth of the {111} (chapter IV), 
the {110} (chapter V) and the {100} faces (chapter VI) of potash alum, 
w i 11 be described.
2. GROWTH OF ORGANIC CRYSTALS
Jackson [ 14] was the first to point out, that for growth from the 
melt, it is not necessarily true, that growth of a crystal proceeds via a 
layer mechanism. When for a given system the crystal1izat ion temperature 
is increased, while the driving force for crystal1ization is kept con­
stant, for a given crystal face at a certain moment the temperature will 
reach a critical value, T^, the roughening temperature. Below this tem­
perature T^, the face will grow according to a layer mechanism. Above T^ 
the face will not grow anymore according to a layer mechanism, but will 
grow "continuously". From up to date physical and experimental point of 
view, it is important to realize, that this transition from layer growth to 
continuous growth corresponds to the transition from faceted to non-faceted 
growth. From a theoretical point of view, it is of interest, that under
14
equilibrium conditions this "thermal roughening" is a phase transition of 
infinite order for several simple models. When a face of a crystal is gro- 
wing at a temperature just below T R , a simiiar transition from.layer growth 
to continuous growth may be observed, upon increasing the driving force to 
a value just above a certain critical value. This phenomenon has been 
ca 1Ied k i net i cal roughen i n g .
The aim of the investigations, described in this part one of the 
thesis (chapters II and III), is to examine the thermal and kinetical 
roughening experimentally more thoroughly. The choice of the investigated 
systems: Biphenyl growing from methanol, toluene and the melt and naphtha- 
lene growing from methanol and toluene is based on the consideration, that 
for a real crystal/fluid system the roughening temperature is related to 
the difference in bond energy of a growth unit in the solid state and the 
liquid state. When this difference is small, the roughening temperature 
usually will be low and roughening w i I 1 readily occur. When the dif­
ference is large, the roughening temperature usually will be high and 
roughening is no tl i k e l y  to occur. Now, as this difference is reflected 
in the solubility of a substance in a solvent, it is ciear, that systems 
must be chosen, in which the solubilities vary considerably. The system 
investigated fulfil these requirements to a great extent.
In this part of the thesis, a new method is given to determine whether 
a crystal face is growing above or below the roughening temperature and it 
is shown, that the results of this method are in good agreement with the 
experimentally observed phenomena.
3. GROWTH OF POTASH ALUM
In general, the main problem, encountered in the interpretation of
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the results of measurements of the linear growth rates of crystal faces, 
as a function of the relative supersaturation, is the large scatter in the 
positions of the experimental points in the plots of the linear growth 
rate versas the relative supersaturation. Although, this scatter has been 
observed for potash alum by quite a number of investigators [14-21], this 
phenomenon has not been investigated systematically.
The aim of the investigations, described in part two of the thesis 
(chapters IV, V and VI), is to examine the generally observed variations 
in the linear growth rate more systematically and to check whether a cor- 
relation exists between these variations and the changes in the disloca- 
tion structure of the crystal. In order to examine the variations in the 
linear growth rate i.e., their magnitude and the way, in which they come 
about, a flow system was constructed, in which the growth rate can be 
measured under well defined, constant and reproduceable experimental 
conditions. This flow system also offers the possibility to examine the 
influence of the relative velocity between crystal and solution on the 
linear growth rate.
In order to check, whether there exists a correlation between the 
changes in the linear growth rates of the {100} faces and the changes in 
the dislocation structure in the growth sectors of these faces, slices 
cut from a number of the investigated crystals were examined by X-ray 
topography using the Lang technique.
As the results were quite unexpected, the surface morphology of the 
{100} and {110} faces of crystals, grown in a vessel, especially designed 
to facilitate the removal of the crystal from its mother liquor - in 
order to prevent "ruination" of the surface pattern, due to a so-called 
"shut off" effect as much as possible - was examined with the aid ofphase 
contrast and differential interference contrast microscopy.
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The general conclusion, which can be drawn from the results of the 
investigation, described in this part of the thesis is, that for the 
three investigated faces: {111}, {110} and {100}, no unambiguous reiation 
exists between the linear growth rate and the relative supersaturation. 
This conclusion implies, that the linear growth rate of a crystal face 
may vary from one moment to another, even under constant experimental 
conditions. For the {111} faces (chapter IV), the results obtained can 
be explained within the framework of the spiral growth theory of Burton, 
Cabrera and Frank (BCF) by assuming, that growth occurs, according to a 
cooperating spiral mechanism. In this chapter also the anomalous beha- 
viour of the linear growth rate as a function of the relative velocity 
between crystal and solution wi 11 be discussed. The resuit for the {110} 
and the {100} faces cannot be explained, within the framework of the 
spiral growth theory öf BCF. It is concluded, that due to an as yet not 
understood mechanism the steps on the surface are retarded or even be- 
come immobile.
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PART ONE: GROWTH OF ORGANIC CRYSTALS
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ON THE ROUGHENING TRANSITION OF BIPHENYL: TRANSITION OF FACETED TO NON-FACETED 
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In this paper th e m orphology o f  biphenyl w illb e  derived, using the period icbond Chain PBC theory. From this derivation, the 
surface anisotropy factors thkl for the d ifferent faces are obtained. N ext, the factors o f  the different F  faces (hkl) for growth 
Irom different organic solvents and the m elt w ill b e  calculated using a new recipe. Then the critical values o f  the factors 
o f  the different faces w ill b e  calculated. F inally the equipm ent used for all the experim ents w ill b e  described and the results will 
b e discussed in relation to  the calculated a hk[ factors and the critical values ajfk l  o f  the a ^ i  factors.
1. Introduction
In the last two decades much work has been pre- 
sented on computer simulations o f crystal growth 
[1,2]. The results o f these studies were in agreement 
with the results o f the already existing theories. One 
interesting new result can be observed from these 
studies: When the temperature at which the crystal 
is growing, is increased the relation between the 
growth rate and the driving force will change from a 
non-linear to a linear dependence. From Monte Carlo 
simulations it has become clear, that this change, 
nowadays known as the “roughening transition” , can 
be related to a change in the growth mechanism. 
When a face on a crystal is growing at a temperature 
above a certain temperature, the roughening tempera­
ture rR, the face is rough on an atomic scale. The 
face on the crystal is growing “continuously” and a 
linear dependence o f the growth rate on the driving 
force will be found. When the face is growing at a 
temperature below TR and below a certain value of 
the driving force, the face is smooth on an atomic 
scale. Now the crystal is growing according to a layer 
mechanism and a non-linear relation between the 
growth rate and the driving force will be found. How- 
ever, when the crystal face is growing at a tempera­
ture below 7"r , but at a driving force, which is larger 
than a certain value, it will be rough again on an 
atomic scale and again a linear dependence o f the
growth rate on the driving force will be found. This 
phenomenon is known as “kinetical roughening” .
The phenomenon o f the “roughening transition” 
was more thoroughly investigated by Van Beyeren
[3] and he proved, that for a certain solid on solid 
model this transition can be related to a continuous 
order phase transition in the two-dimensional inter­
face between crystal and fluid. So far only for the 
most simple models o f the interface between crystal 
and fluid the problem of surface roughening has been 
clarified [4,5]. We may assume, however, that the 
concept o f surface roughening is general applicable to 
all those faces, o f which the growth layers are 
“coherent” . Here with “coherent” we mean, that 
within a growth layer the growth units are connected 
to each other in at least two different directions, so 
that a growth layer consists out o f  a “coherent mg” 
o f bonds. The concept o f  a “coherent rug” as it is 
used here, is similar to the concept o f  a F face in the 
periodic bond chain PBC theory [6,7].
In recent years much attention has been paid to 
the characterization o f the roughening transition 
[2,8,9,10], i.e. to derive a useful criterion for the 
roughening transition. From a theoretical point of  
view the transition is probably the best related to the 
point where the edge free energy becomes zero 
[5,11]. Roughening o f a face in a real crystal-fluid 
system can be regarded as exceeding the critical point 
in a two-dimensional interface model. For this reason
23
590 H.J. Human et al. / Roughening transition o f  biphenyl
it seems plausible that T R is approximately equal to 
Tc  of the two-dimensional interface model. Also 
from the point o f view of crystal growth this transi­
tion can be probably the best related to the point 
where the edge free energy becomes zero. When the 
edge free energy becomes zero, the barriers for two 
dimensional nucleation disappear and the creation of 
new steps, due to statistical fluctuations becomes a 
very “cheap” process and the interface between crys­
tal and fluid will become more than a few atomic 
layers thick. From an experimental point of view the 
roughening transition is probably the best visualized 
with the morphology of a crystal: Below the roughen­
ing temperature and at sufficiënt low driving forces a 
crystal is bounded by low-index areas, which are 
almost flat on atomic scale. Above the roughening 
temperature the surface becomes rough and the 
edges between the original flat regions become 
rounded o ff [8].
Many attempts have been made to give an usefull 
recipe to determine whether a certain face is growing 
above or below the roughening temperature 
[10,12,13], In this contribution we will use a.)lkh a 
factor which is inversely proportional to the tempera­
ture, to determine whether a face (hkt) is ‘growing 
above or below the roughening temperature. We will 
give a new recipe to calculate the ahki factors o f the 
different faces o f biphenyl for growth from meth­
anol, toluene and the melt. The results o f an experi­
mental study will be discussed in relation to the cal- 
culated ethk, factors and the critical values ajfkl o f the 
a hki factors.
The structure o f the paper will be as follows: After 
the introduction in section 1, in section 2.1 thè mor­
phology o f  biphenyl will be predicted by means of  
the PBC theory and the surface anisotropy factors 
for the F faces (hkt) will be calculated. In the 
sections 2.2 and 2.3 the values o f  respectively for 
growth from methanol, toluene and the melt and ajfk/ 
will be calculated. In section 3 the experimental set 
up and the way in which the experiments are done 
will be described. Finally in section 4 the experi­
mental results will be discussed in relation to the cal­
culated values o f ahkl and a*kl.
2. Theory
2 .1. The morphology and the surface anisotropy fac­
tors i hkl
In this paper we will not give an extensive PBC 
analysis to predict the morphology. Instead we will 
use an approach used by Hartman [6] for the predic- 
tion of the morphology o f naphthalene.
Biphenyl crystallizes in the monoclinic spacegroup 
P2[/a with two molecules in the unit cell. The crystal 
structure has been determined by Trotter [14] and 
Hargreaves [15], The lattice constants are: a = 
8.12 A ;è  = 5.46 A ;c  = 9.47 A and 0 = 95.4°.
The energy of the molecular bonds will be calcu­
lated quantitatively by means o f a computer program 
and realizing that each bond between two molecules 
consists out of a certain number o f carbon—carbon, 
carbon—hydrogen and hydrogen—hydrogen contacts. 
The energy o f each atom—atom bond is calculated 
according to Williams [16] with:
E  = A d~6 + B exp(—Cd) , (1)
where d  is the distance between the atoms and A , B 
and C are constants for which the values from param­
eter set IV in table II o f Williams are used. First the 
total crystallization energy per molecule is calculated 
by summing the energies o f all the atom—atom bonds 
within a certain radius around the centre o f  gravity of 
a biphenyl molecule and this sum is divided by two. 
To check whether the crystallization energy calcu­
lated in this way is correct, the convergence o f the 
crystallization energy is checked by enlarging the 
above mentioned radius and a good convergence was 
found. The crystallization energy per molecule 
amounts to be: -1 0 .6 5 6  kcal/mol.
Secondly three slice energies and the energies of  
the three bonds in the directions o f the axes o f the 
unit cell are calculated using the same computer pro­
gram, but with respectively one and two edges o f the 
unit cell considerably enlarged.
In this way seven equations between the energies 
of different types o f molecular bond can be obtained. 
In order to be able to calculate the energies o f the 
molecular bonds we have to make a convenient 
choice of seven different molecular bonds within the 
crystal structure. In this part o f the paper we will 
only take into consideration the seven different
24
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molecular bonds o f which their positions and their 
symbols used throughout this paper are given in 
fig. 1. We will assume that for the crystallization 
energy per molecule, i.e. the potential energy o f each 
molecule, the following equation is valid:
E a  = 2d + e + f + 2 g  + a + m + 2 k .  (2)
This means that in this structure we will assume that 
each molecule is surrounded by twenty other mole- 
cules involving seven different types o f bond between
them. The results o f the calculations are summarized 
in table 1.
As biphenyl crystallizes in the same space group as 
naphthalene, the PBC analysis is almost the same as 
the BBC analysis given by Hartman [6] for naph­
thalene. However, because more bonds are taken into 
consideration, more faces must be considered to be F 
faces. In order to determine the order o f morphologi- 
cal importance, we will make use o f the fact that the 
faster a crystal face is growing, the less is its mor- 
phological importance, and of the assumption that
25
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Table 1
Survey o f  the bonds in th e  crystal structure o f  biphenyl
Label Exam ple Bond energy 
(kcal/m ol)
Label Exam ple B ond energy 
(kcal/m ol)
d M (2)—M (l) -3 .0 2 9 f M (2 )-M (2 ,0 0 1 ) -0 .8 3 0d M (2 )-M (l ,0 1 0 ) -3 .0 2 9 f M (2 )-M (2 ,0 0 Ï) -0 .8 3 0d M (2 )-M (l ,1 0 0 ) -3 .0 2 9 a M (2 )-M (2 ,1 0 0 ) -0 .1 8 0
d M (2 )-M (l ,1 1 0 ) - 3 .0 2 9 a M (2 )-M (2 ,1 0 0 ) -0 .1 8 0
e M (2 )-M (2 ,0 1 0 ) - 1 .9 7 0 m M (2 )-M (2 ,1 0 1 ) -0 .1 3 2
e M (2 )-M (2 ,0 1 0 ) -1 .9 7 0 m M (2 )-M (1 ,1 0 Ï) -0 .1 3 2
g M (2 )-M (l ,1 0 1 ) -0 .6 1 6 k M (2 )-M (2 ,0 1 1 ) -0 .1 2 7
g M ( 2 ) - M ( l , l l l ) -0 .6 1 6 k M (2 )-M (2 ,0 1 1 ) -0 .1 2 7
g M (2 )-M (l ,0 0 1 ) -0 .6 1 6 k M (2 ) -M (2 ,0 l l) -0 .1 2 7
g M (2 )-M (1 ,0 1 Ï) -0 .6 1 6 k M (2 ) -M (2 ,0 l l ) -0 .1 2 7
when the attachment energy becomes larger, the 2.2. The calculation o f  the ahk, factors o f  the five
growth rate will become larger. So, when the attach­ m ost important F  faces fo r  growth from  methanol,
ment energy o f a face becomes smaller and the slice toluene and the m elt
energy becomes larger, the face will become mor-
phologically more important. The results are sum- In comparison with the preceding part, in this sec-
marized in table 2 and the order o f morphological tion the crystal structure will be simplified. Now it
importance is given in column six, From this table it will be assumed, that each molecule is surrounded by
can be seen that biphenyl should crystallize as {001} twelve other molecules in a distorted cubic closest
platelets with {110} and {111} and even smaller packing, involving four different bonds, named
{201} and {200} side faces. The faces {101}, {020}, according to fig. 1: d , e, f  and g. As a consequence
{021}, {011} are the least important among the F the faces {10Ï} , {020}, {021} and {011} cannot be
faces. This is in rather good agteement with the obser­ considered to be F faces anymore. In this approach
ved morphology o f  growing biphenyl crystals: {001} we will neglect the a , k  and m bonds. For the calcula-
platelets with mostly {110} and sometimes {20Ï} side tions o f the ahM factors, this is quite acceptable
faces. In this table also the surface anisotropy factors because in these bonds only 5% o f the total crystalli-
ihki ° f  the different faces are given. zation energy is involved.
Table 2
Results o f  the periodic bond chain analysis
F faces '^::r Number and Ef} thkl Order o f(hkl) (kcal/m ol) type o f  bonds (kcal/m ol) m orphological
in the slice importance
(00 1 ) -1 0 .6 5 6 2d + e + a -8 .208  0 .770 1
(110) -1 0 .6 5 6 d + f  + g -4 .4 7 6  0 .420 2
(11 1 ) -1 0 .6 5 6 d + g -3 .6 4 6  0 .342 3
(201) -1 0 .6 5 6 e + 2g -3 .2 0 2  0 .300 4
(20 0 ) -1 0 .6 5 6 e + f  + Ik -3 .054  0 .287 5
(10 1 ) -1 0 .6 5 6 e + m -2 .1 0 2  0 .197 6
(020) -1 0 .6 5 6 a + ƒ + m -1 .142  0 .107 7
(02 1 ) -1 0 .6 5 6 a + g -0 .796  0 .075 8
(01 1 ) -1 0 .6 5 6 a + k -0 .307  0 .029 9
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For the calculation o f the a hki factor we will use: 
ahkl = ih ldi^H ï/kT  -  ln Xseq) . (3)
Here A //f is tlie heat o f  fusion, for which in the 
calculations according to McLaughlin et al. [17] the 
value o f 4460 cal/mol has been taken. %hM is the sur- 
face anisotropy factor as defined by Jackson [18] 
and Bennema et al. [19] as the ratio of the energy 
involved in the bonds within the slice o f the crystal 
face under consideration to the total crystallization 
energy, i.e.:
(4)
Because o f the above mentioned simplification o f  
the crystal structure, the total crystallization energy 
must be taken somewhat lower and as a consequence, 
in the calculations the values o f Zhki given in column 
four o f table 3 must be used instead o f the values of 
in column flve o f table 2. The quantity ^seq is 
defined by Bennema et al. (10) as the ratio o f the 
number o f solute particles to solid particles present 
per unit volume in respectively the solution and solid 
phase, i.e.:
The value o f * seq can be obtained from solubility 
data, densities and molecular weights o f solvent and 
solute. The mol fractions, 2.28 X 10-2 and 4.28 X 
10”1 used in our calculation for the solubilities of 
biphenyl at 30°C in respectively methanol and 
toluene, were determined on our laboratory by means 
of a dissolving technique. In the calculation we used 
for the molecular weights for respectively methanol, 
toluene and biphenyl the values: 32.04, 92.15 and
154.21 [20] and for the densities the values: 0.7914, 
0.8669 and 0.8660 g/cm3 [20].
Formula (3) is the result o f the formula o f  Jackson 
for the ahkl factor, i.e.:
ahkl ~ ih k iL '/k T , (6)
in which the relevant “heat o f  solution L as derived 
by Bennema et al [10] by means o f the “chaos 
model” , i.e.:
L ’ = k T ( A f _  in Xjeq) (7)
is substituted. However, in this approach it is difficult 
to give a reliable approximation for A/fs. This quan­
tity is the change in the internal free energy between 
a partiele in the fluid phase and the solid phase. For 
low temperatures and freely moving rigid molecules 
Bennema et al. [10] showed that the value o f A /f, is 
between 1.0 and 2.5. Since in our case, this is prob- 
ably a poor approximation, in this article we will use 
for A/fs the value o f AH f/kT. This can be justified if 
we realize that dissolution in this case can be 
described as a two step process, which is thermo- 
dynamically equivalent to the actual process. In the 
first step the crystal melts and all the changes in the 
internal free energies o f  the solute particles, i.e. the 
changes in the kinetical, vibrational and rational ener­
gies are supposed to take place. In this step an energy 
change equal to A H f/kT  is involved. In the second 
step the melt and the solvent form an ideal mixture. 
In this step an entropy change equal to - ln  xseq is 
involved.
In the limiting case o f growth from the melt, both 
liquid and solid phase have the same composition and 
temperature. Hence, their densities and, therefore, 
the number o f molecules per unit volume are approx- 
imately the same. So x seq — 1 and formula (3)
Table 3
R esults o f  the calculations o f  the factors
F  face ^cr
(kcal/m ol) E h k f(kcal/m ol)
th k l „m ethanolhklat 30 C
„tolueneh k lat 30  C
„m elthklat 70 C
(00 1 ) -1 0 .0 9 1 -8 .0 2 8 0 .796 7.8 6 .4 5 .2
(11 0 ) -1 0 .0 9 1 -4 .4 7 6 0 .444 4 .3 3.5 2.9
(11 1 ) -1 0 .0 9 1 -3 .6 4 6 0 .361 3.5 2.9 2 .4
(20 1 ) -1 0 .0 9 1 -3 .2 0 2 0 .317 3.1 2.5 2.1
(20 0 ) -1 0 .0 9 1 -2 .8 0 0 0 .277 2.7 2 .2 1.8
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reduces to the classical formula o f Jackson [18] for 
the cthki factor. The results o f the ealculations are 
summarized in table 3.
2.3. The calculation o f  the critical values a^kl o f  the 
ochki factors o f  the five m ost important F  faces
The critical values a^k/ of the ahki factors o f the 
five most important F faces can be calculated with 
the equation proposed by Bennema et al.:
o£w  = no3, (8)
where n is the number o f nearest neighbours o f a 
given molecule within the slice o f the crystal face 
under consideration and ü  is the average o f the 
strengths o f  the bonds within the slice at TR divided 
by kT R. For cö a value must be taken in which ani- 
sotropy o f the strengths o f the bonds within the slice 
is taken into account. This can be done by realizing, 
as already explained in the introduction, that the 
roughening temperature for a real crystal—fluid sys- 
tem approximately equals the critical temperature of 
the two-dimcnsional model of the interface between 
the crystal and the fluid. Hence, we may assume, that 
the ratios o f the average bond energies for the aniso- 
tropic and the isotropic case in a real crystal-fluid  
system and the two dimensional model o f the inter­
face are the same, i.e.:
öj3R(anisotropic) öj2c(anisotropic) 
öj3R(isotropic) ö}2c(isotropic)
In formula (8) the value o f Ö53R (anisotropic) must 
be substituted for cö. This quantity can be calculated 
by calculating ü>3R (isotropic) and the ratio o f aver­
age bond energies for the anisotropic and the iso­
tropic case o f the two-dimensional model o f the 
interface. cj3R (isotropic) can be calculated using:
o33R (isotropic) = 0/2*7’R , (10)
with the values o f fcrRnr/0  given before [8] for the 
different lattices: 0.694 for the square (100) fcc lat- 
tice and 1.182 for the triangular (111) fcc lattice. The 
ratio o f the average bond energies for the anisotropic 
and the isotropic case can be calculated with the 
formulas given by Green et al. [21] for the triangular 
lattice by:
1 +  X iX 2X 3 = * 1  + X 2 +  X 3 + X t X 2 +  * 1 * 3  + x 2x 3 ,
(11)
with Xj = tanh and cj,- equal to the bond strength 
in the ith direction and for the square lattice by:
(sinh u>x) sinh u>y = 1 , (12)
where ojx and u>y  are the bond energies in respec- 
tively the x- and y-direction. The necessary data for 
these calculations and their results are summarized in 
table 4.
3. The experiments
The observation cell in which the experiments are 
carried out, consists out o f  a double walled top and 
bottom, both from glass. The volume o f the space 
between top and bottom is about 50 cm3. Water from 
a circulating thermostat: Haake type FE is flowing 
through the double walls o f top and bottom o f the 
cell. The pipes to and from the thermostat are ther- 
mally very well isolated. In this way the temperature
Table 4
R esults o f  the calculation o f  the critical values o f  the a h k j factors
F face 
(hkl)
Number o f  nearest 
neighbours in the slice
k T ^ r/<p
(ref. [8 ] ,  table III)
W3R
(isotropic)
u>2 C (anisotropic) 
cÖ2 C (isotropic)
u>3 R (anisotropic) a hkl
(001) 6 1 .182 0 .423 1.005 0.425 2 .6
(110) 6 1.182 0 .423 1.093 0 .462 2.8
(111) 4 0 .694 0 .720 1.189 0 .857 3.4
(20 1 ) 6 1 .182 0 .423 1.058 0 .448 2.7
(2 0 0 ) 4 0 .694 0 .7 2 0 1.057 0 .762 3.0
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of the solution in the space between top and bottom  
of the cell can be kept constant within ±0.03°C. The 
temperature o f the solution in the cell can be mea- 
sured with a copper/constantan thermocouple and 
can be registered contirmously on a recorder. The 
crystal can be observed with a Leitz reversed micro­
scope type Diavert, both in bright-field or with polar- 
izing and phase contrast techniques. The growth of 
the crystal can be followed by means o f time-lapse 
photography with a Leitz automatic camera type 
Orthomat-W, driven by an interval timer. From such 
experiments, the growth rate can be obtained when
m ;n li, G MiN.'. A ? ü  MSN.
! L
i i 
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7 2 0  MtN, 9 6 0  MIN. 1 Z 0"0 MlN.
Fig. 2 . G rowth o f  biphenyl from  m ethanol. F aceted growth o f  the (0 0 1 ) and (1 1 0 ) faces. The face (20 1 ) is no t present. Tsat = 
2 2 .25°C ; Tact = 20 .05 °C ; o  = 0.89% . Bright field  m icroscopy.
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1 2  MIN.  17' H !N .  2 2  MfH..(a)
the negatives from successive exposures are projected 
and the outer contours o f the crystal in the projec- 
tions are copied on one piece o f millimeter paper. 
The whole system of microscope, camera and enlarg- 
ing apparatus can be calibrated with the aid o f a 
micrometer object. The growth rate can be calculated 
from the displacements o f the faces on the millimeter 
paper and the time between successive exposures.
In all the experiments, commercial grade biphenyl 
(Aldrich, 99.5%), methanol (Merck, 99%) and toluene 
(Merck, 99%) is used without any additional purifica- 
tion. The solutions are prepared by stirring a solution 
containing a small excess of solute at the desired 
saturation temperature for about a week. Before fill- 
ing the cell with solution, the solutions are filtrated 
through a double walled glas filter.
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(b)
Fig. 3. (a) Growth o f  biphenyl trom  toluene at high supersaturation, faceted growth o f  th e (0 0 1 ) face, non-faceted growth o f  the 
(11 0 ) and (2 0 1 ) faces; Tsat = 2 8 .80 °C , Tact = 28 .50 °C , o  -  0.57% ; polarizing m icroscopy. (b) G row th o f  biphenyl fiom  toluene 
at low  supersaturation. Sam e crystal as from  (a); faceted growth o f  the (0 0 1 ) and (1 1 0 ) faces, non-faceted growth o f  the (201) 
face; r s.tI - 28 .80 °C , = 2 8 .6 5 °C , a  = 0.25% ; polarizing m icroscopy.
To start the experiments, first the temperature of 
the solution must be lowered to a temperature very 
well below the saturation temperature. When crystals 
have been formed in the cell, the temperature o f the
solution in the cell must be increased to a tempera­
ture considerably above the saturation temperature. 
When there is only one small piece o f crystal left, the 
temperature o f the solution in the cell must be
31
598 H.J. Human et al. / Roughening transition o f  biphenyl
lowered again to a temperature slightly below the 
saturation temperature. If one wants to investigate 
the relation between the growth rate and the driving 
force, the saturation temperature o f the solution 
must be determined more accurately. This can be
done quite simply by an iteration process. However, 
with the interpretation o f this relation one must be 
careful. First o f all because the concentration o f the 
solution in the cell cannot be considered to be con­
stant during the experiments: The crystal is consum-
Fig. 4 . G rowth o f  biphenyl from  the m elt at very low  undercoolm g. F aceted growth o f  the (00 1 ) and (1 1 0 ) faces, non-faceted  
;rowth o f  the (2 0 Ï )  face; 7 fus = 70 .24°C ; T.iicl 70 .21°C ; A T  = 0 .03°C . Polarizing m icroscopy.
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ing growth units from the solution during growth and 
therefore the concentration will decrease somewhat. 
Second, because we are dealing with experiments in 
a stagnant solution, considerable concentration gra- 
dients can be built up and the influence o f volume 
diffusion on the crystal growth kinetics is getting 
more important.
In fig. 2 the result o f a typical experiment for 
growth o f biphenyl from methanol is given. From this 
experiment we obtained for the (110) face a growth 
rate R = 3.5 nm/s at a relative supersaturation o = 
0.89%. In figs. 3a and 3b the results o f typical exper­
iments for growth from toluene are given. From the 
experiment o f fig. 3a: growth at high relative super­
saturation, we obtained for the (110) face a growth 
rate R  = 625.0 nm/s at a relative supersaturation o = 
0.57%; from the experiment o f fig. 3b: growth at low 
relative supersaturation, we obtained for the (110) 
face a growth rate R = 250 nm/s at a relative super­
saturation o = 0.25%. In fig. 4 the result o f  a typical 
experiment for growth from the melt is given. From 
this experiment we obtained for the growth rate of  
the (110) face a value o f about 1000 nm/s at an un- 
dercooling AT  = 0.03°C.
4. Discussion
In table 5 once more the results o f the calculations 
are summarized without any additional information. 
From this table the following conclusions can be 
drawn:
(1) For the (001) face the a  factors for growth from 
methanol, toluene and the melt are all considerable 
above the critical value a R. For this reason the (001) 
face will grow below the roughening temperature and
Table 5
Sum m aiy o f  the results o f  the calculations o f  and a Rw
F face „m ethanolhklat 30 C
„to luenehklat 30 C
„m elthklat 70°C hkl
(001) 7.8 6 .4 5 .2 2.6
(110) 4 .3 3.5 2.9 2.8
(111) 3.5 2.9 2 .4 3.4
(201) 3.1 2.5 2.1 2.7
(200) 2.7 2.2 1.8 3.0
kinetical roughening is not likely to occur. So, it must 
be expected, that the (001) face will grow always 
properly facetted. Indeed, this is confirmed by our 
experiments as can be seen in figs. 2 , 3a, 3b and 4.
(2) For the (110) face again all the a  factors are 
above a R. Hence, the (110) face will grow below the 
roughening temperature and in principal properly 
faceted growth o f the (110) face must be expected in 
all the cases. However, for growth from toluene and 
the melt, as compared to growth from methanol, the 
a  factors are only slightly above a R and for growth 
from toluene and the melt it can be expected, that 
kinetical roughening might occur, whereas for growth 
from methanol this will not be the case. Again this is 
in rather good agreement with our experimental 
observations. From fig. 2 it can be seen, that for 
growth from methanol, the (110) faces grow properly 
faceted: even at rather high supersaturations. In fig. 
3a non-facetted growth o f the (110) face due to kine­
tical roughening at high supersaturation for growth 
from toluene is shown. Fig. 3b gives an example of  
faceted growth o f the (110) face o f the same crystal 
as in fig. 3a during growth from toluene at lower 
supersaturation. Fig. 4 shows properly faceted growth 
of the (110) face for growth from the melt at very 
low undercooling.
(3) For the (111) face all the a  factors are below a R 
and the ( l i l )  face will grow above the roughening 
temperature. So, non-faceted growth o f the (111) 
face must be expected in all the cases. However, as 
the morphological importance o f the (111) face is 
much lower than the morphological importance of 
the (110) face, the (111) faces on biphenyl crystals 
are much smaller than the (110) faces or might even 
not be present. For this reason it was not possible to 
observe the (11 ï )  face during growth and is it not 
possible to determine whether this face is growing 
properly faceted or not.
(4) For the (201) face the a  factor for growth from 
methanol is slightly above a R, while the a  factors for 
growth from toluene and the melt are just below 
OdR. So, when growing from methanol the (2 0 l)  face 
will grow below the roughening temperature, whereas 
when growing from toluene and the melt the (201) 
face will grow above the roughening temperature. As 
a consequence for growth from methanol faceted 
growth o f the (20Ï) face must be expected at low 
supersaturations and non-faceted growth, due to
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kinetical roughening can be expected at high super- 
saturations. For growth from toluene and the melt 
always non-faceted growth o f the (2 0 l)  face must be 
expected. Again this is in good agreement with our 
experimental observations. Sometimes, neatly faceted 
(20Ï) face are present on biphenyl crystals, when 
they start growing from methanol. But because o f the 
minor morphological importance o f  the (201) faces, 
they soon disappear. Normally the (201) faces are not 
present on biphenyl crystals, when growing from 
methanol. As can be seen from figs. 3a, 3b and 4, the 
(2 0 l)  face does not grow neatly faceted when grow­
ing from toluene and the melt. An interesting aspect 
of the (2 0 l)  face is that, in contradiction to growth 
from methanol where the (201) face does tend to dis­
appear, for growth from toluene and the melt this is 
not the case. To explain this, one must be aware of  
the fact that the predictions o f the morphology of  
crystals by mearis o f the PBC theory probably agree 
best with the observed morphology o f growing crys­
tals, when the crystals are grown at low supersatura- 
tions. Under these circumstances the influence of  
kinetical problems during the crystallization process 
on the morphology of the crystal is probably the 
smallest. Now, as the driving force during the experi­
ment for growth from toluene and the melt is very 
small, the mentioned aspect o f the (201) face is quite 
understandable.
(5) For the (200) faces, the a  factors for growth from 
methanol, toluene and the melt are all very well 
below a R. So, for this face, in all the cases growth 
above the roughening temperature will occur and 
non-faceted growth must be expected. However, for 
the (200) face almost the same remarks can be made 
as for the (111) face and again we cannot give our 
opinion on the growth characteristics o f this face.
In the near future we will pay more attention to 
the quantitative relation between the growth rate R  
and the relative supersaturation o. Also attention will 
be paid to other systems like naphthalene, phenan- 
threne and anthracene growing from the same sol­
vents, in order to check the validity o f  our procedure 
to determine whether a face is growing above or 
below the roughening temperature. For the time 
being we will confine ourselves to the remark that the
^ o°o ?c  (melt) ~  1000 nm/s 
> R * F C ( to l .)~  200 nm/s 
> R 30°2£c (meth.) ~  5 nm/s .
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ABSTRACT
In this paper a method is given to calculate the o t ^  and 
factors of a face (hkl) of a crystal growing from sol ut ion. The mor- 
phology of growing crystals, with faces below and above the roughening 
temperature is investigated experimentally. The transition from faceted 
to non-faceted growth in relation to the relative supersaturation (ki- 
netical roughening) is investigated for the {110} and {20T } faces of 
naphthalene, growing from toluene. The experimental results are inter- 
preted using the calculated values of and .
1. INTRODUCTION
The concept of the existence of a roughening transition for a 
crystal face is wel 1 known [1-9]. Theoretical 1y it has been investiga- 
ted extensively and recently considerable progress has been made in the 
understanding of this roughening transition. Most experimental investi- 
gations concerning the roughening transition, have been carried out on 
organic materials, growing from either the vapour phase, the melt or 
from the solution. Experimentally surface roughening is observed as a 
transition from a faceted to a non-faceted morphology.
Studies on the roughening transition of crystal faces for growth 
from the vapour phase have been carried out on biphenyl by Nenow and 
Dukova [10,11] and on adamantane by Pavloska [12]. However, most inves- 
tigations have been made on crystals growing from the melt. Alfintsev 
et al. [13] have studied succonitril and cyclohexanol. Mi 1ler [14] has 
investigated salol, thymol and o-terphenyl . Podolinski [15] has report- 
ed on the growth of several organic crystals, growing from the melt and 
the solution. He has observed the roughening of some of them, for ex- 
ample naphthalene and camphor. Recently Watanabe [16] has investigated 
the growth of tetraoxane crystals, growing from an acetone solution. He 
also has described a method to calculate factors from solubility
curves. Recently we have shown experimentally [1], that in the case of 
biphenyl the roughening transition can be induced by varying the liquid 
face.
The concept of the roughening transition has been introduced by 
Jackson [2] using a two-dimensional lattice gas model. From Monte Cario 
computer simulations [3,4 and 5] the physical significance of the 
roughening transition has become clear. The roughening transition can
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be characterized by the roughening temperature T . If a crystal face 
is growing at a temperature below T^, the relation between the growth 
rate and the driving force will be non-linear and the face is growing 
by a layer mechanism i.e. according to a two-dimensional nucleation or 
a spiral growth mechanism. If a crystal face is growing at a tempera­
ture above T^, the relation between the growth rate and the driving 
force wi !1 be linear and growth will take place by a continuous mecha­
nism.
Van Beyeren [8] has demonstrated for a special case of the SOS 
model, that the roughening transition is a phase transition of infinite 
order in the interface between the crystal and the fluid phase and he 
was able to calculate exactly. Recently it has been proved for other 
models [6,7], that the roughening transition is a phase transition of 
infinite order, but with these models it is not possible to calculate 
T„ exactly and from Monte Carlo simulations only values with limited 
accuracy can be obtained for T^. In our previous paper [1] values of Tj. 
from SOS interface models have been used to calculate T „ . The valuesK
of Tj. have been calculated exactly for different nets and varying bond 
energies [9]. in order to take anisotropy in the bonds of the crystal 
into account, it is assumed, that the ratios of the average bond enei— 
gies for the anisotropic case and the isotropic case in a real crys- 
tal-fluid system and the two-dimensional model of the interface are the 
same .
The most important theoretical result for experimental crystal 
growth is, that a crystal face growing at a temperature T below T^ has 
an edge free energy larger than zero. If T is larger than or equal to 
T^, the edge free energy is zero and there is no barrier for two-dimen-
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sional nucleation anymore. In consequence, the growth kinetics of a 
crystal face, will change from non-linear to linear, if T becomes 
larger than TR . There are several conventions to characterize the rough- 
ening transition. In this paper we will use the and the fac­
tor to determine the conditions at which the transition from faceted 
to non-faceted growth of a crystal face will occur. The factors 
and are inversely proportional to T and TR respectively, so if
is smaller than the edge free energy will be zero.
According to the Gibbs-Thomson relation for the radius of the 
critical two-dimensional nucleus, this radius is directly proportional 
to the edge free energy and inversely proportional to the driving force, 
which in turn is directly proportional to the relative supersaturation.
So, if the relative supersaturation is increased, the s i ze of the crit­
ical two-dimensional nucleus will decrease. Now, in cases where the 
edge free energy is not too large, the possibility exists, that the size 
of the critical two-dimensional nucleus is reduced to only one growth 
unit, when the relative supersaturation is increased to a certain crit- 
ical value . In this situation again there is no barrier for two- 
dimensional nucleatiön and continuous i.e. rough growth will occur.
This roughening of a crystal face is known as "kinetical roughening".
The structure of this paper is as follows: After this introduction 
(section 1) in section 2 an express ion will be derived for the calcu- 
lation of in case of growth from solution. First we will give a
thermodynamic derivation of an equation of the enthalpy of dissolution and 
secondly we will use a simple statistical Ising model to show the relation 
between and the enthalpy of dissolution. In section 3 the results of a
Periodic Bond Chain (PBC) analysis [17] will be presented. These
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results wi 11 be used in the calculation of a,, , and a,, , . In section 4
hkl hkl
the experimental results wi 1 1 be presented and they will be discussed
in relation to the calculated values of a,, , and a.. ,. In section 5 the
hkl hkl
general conclusions, drawn from theoretical calculations and experimen­
tal results will be given.
1^
2. THEORY
2.1. General
The first equation for the calculation of factors has been
given by Jackson [2] for growth from the melt:
V i  '  Eh k ,  - L ' R1  ( , )
where L is the molar heat of fusion, R is the universal gas constant, 
T is the absolute temperature. 5 ^  is the surface anisotropy factor:
C . , = ES " Ce/E , (2)
hk 1 ss ss
where E ^ ' Ce is the total energy of the bonds in a slice of the crys­
tal face (hkl) and Egs is the total crystal1izat ion energy.
As shown before [1,8,18,19,20] in the case of growth from sol ut ion 
in equation (1) the molar heat of fusion, L, must be replaced by the 
molar enthalpy of dissolution, AH(T)^'SS . In this paper we will use 
essentially the same method as before [1], but a more fundamental der- 
ivation for the molar enthalpy of dissolution will be given.
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2.2. The classical thermodynamic derivation of the enthalpy of dis- 
solution: AH(T)^1SS
In order to derive an expression for the molar enthalpy of dis- 
solution AH(T)diss , we will assume that for a given system, consist- 
ing from crystal and its solution, the solution is regular i.e. the 
molar enthalpy of mixing, AH(T)m l X , is not necessarily zero, but the 
entropy of mixing, AS(T)d 'SS , is given by the ideal mixing entropy.
If an equilibrium exists between the solution and the solid phase, the 
change in the Gibbs free energy AG is equal to zero and:
AH(T)dïSS = T AS(T)disS , (3)
where AS(T)d 'ss is the change in the molar entropy, due to dissolu- 
tion at the equi librium temperature T. Now we will consider a Born- 
Haber cycle, where the crystal is heated to its melting temperature 
T , subsequently melted under equilibrium conditions, then cooled down 
to the equilibrium temperature T and finally the undercooled melt is 
mixed with the solution phase. For this process it is assumed, that 
the following equation holds:
AS(T)disS = AS(T)fuS + AS(T)mix , (4)
where AS(T)^US is the change in molar entropy of fusion at temperature 
T and AS(T)mlX is the change in entropy upon mixing one mole of pure 
solute with the solution. At constant pressure the relation between the 
entropy change and temperature is given by:
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< # > p  ■ ‘?n  (5>
From the Born-Haber cycle, described above, it can be shown that for 
the change in the molar entropy of fusion at the equilibrium tempera­
ture T, the following equation is vali d :
£ t T Ac
AS(T) = AS(T ) + ; m dT , (6)
m j T
where Ac is qiven by: 
P
Ac = c - c , (7)P P . s  p , l
and c is the molar heat capacity in the solid phase and c , is the 
p.s K p,l
heat capacity of one mole of undercooled liquid phase. If it is assumed 
that the melting process in the Born-Haber cycle takes place under 
equilibrium conditions (i.e. reversible) for this process an equation 
similar to equation (3) is valid:
AH (T )fus = T AS (T )füS (8)
m m m
Combining equation (8) with equation (6) gives:
, AH (T )fuS T Ac
AS(T) = --- =2----  + / m _ £ d T  (9)
m T 1
If regular or ideal mixing is assumed in the last step of the 
Born-Haber cycle, the change in molar entropy of mixing AS(ï)mix is 
given b y :
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AS(T)mlX = -R ln x(T) ( 10 )
where x(T) is the concentration of solute expressed as a mole fraction. 
When the equations [3], [4], [9] and [10] are combined and the result 
is divided by the universal gas constant R, the following relation for 
the molar enthalpy of dissolution AH(T)^'SS is obtained
AU /T \diss AH(T )^US , T Ac
------------- Y 21------ ln x(T) + 1  / m dT (11)
m T
There are also several other ways to determine AH(T)C'ISS .
Watanabe [16] has calculated AH(T)C*'SS directly from the solubility 
curve. The equation, which he has used, can be calculated using the 
Helmholtz relation and is given by
«LxiTL = M T ^ Ü L  x(t) (12)
RT
In an ideal solution the molar enthalpy of mixing AH(T)mix is 
equal to zero, so AH(T)ci'SS is equal to the molar heat of fusion 
AH(T)^U S . If ACp is neglectably small AH(T)^US will be constant. In 
this case AH(T)^US can be calculated directly from a plot of ln x(T) 
versus 1/T as has been shown by Hildebrand [21] and experimental1y by 
HcLaughlin [22], The equation is given by
AH(T)fuS ,1 1 \ ,,,,
ln x(T) = ------^---  (y * — ) (13)
m
E q . (13) is a convenient way to plot the solubility data and morëover 
it gives an impression about the ideality of a solution
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2.3■ The statistical thermodynamic derivation of the relation be­
tween a, , , and AH (T) diss 
nxl
Following the tradition founded by Kossel and Stranski [23], em- 
ploying an Ising 1ike model, where cells are either in the solid (s) 
or in the fluid (f) state we will derive an expression for AH(T)^'s s ,
It will be shown, that this expression is equivalent to the thermody- 
namically derived expression and it will be used to show the relation 
between AH(T)C*'SS and .
As a thought experiment one mole of solid cells will be moved from 
a kink position and transformed into one mole of solute cells embedded 
in the solution. The total yield of energy per growth unit of this 
process will be:
6 <|>af + 3c|>sf + 3<f>ff (14)
The total energy loss is given by:
64»ff + 3<f>sf + 3<f>SS (15)
where c|>s^ is the energy of a sol id-fluid bond, <j>a^ of a solute-fluid
s s ff
bond, <)> of a bond between two solid cells and <j> of a bond between
two fluid cells. We assume that <t>^ is equal in the bulk of the solu-
s s
tion and at the surface and that <j> is equal in the bulk of the crys­
tal and at the surface. The molar enthalpy of dissolution is derived 
by subtracting equation (15) from equation (14) and multiplying the 
result with N, Avogrados number:
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AH(T)diss = N(6<f,fff - 3 / f - 3<f>SS) (16)
A more general way to describe AH(T)d 'SS is:
AH(T)dlSS = 6N* , (17)
whe re:
* = i (2 cj>af - <(,ff - <f,ss) (18)
This expression can be easily generalized to any kind of structure, 
with n nearest neighbours for each growth unit, instead of the six 
nearest neighbours in the simple Kossel crystal:
AH(T)dlSS = N $. (19)
In a Kossel crystal all six interactions are equal
It has been demonstrated elsewhere [18], using the statistical 
mechanical so cal led chaos model, that:
M ( T r  ■ ( - , n  x s + * f f s >  ■ ( 2 o )
where x is defined as the ratio of the number of solute cells in 
s eq
the solution phase per unit volume to the number of solid cells in the 
solid phase per unit volume at equilibrium. The factor Af^s is a mea- 
sure for the difference in internal energy of the solute partiele in 
the solution phase and the solid phase. From the resemblance between 
equation (20) and equation (11) it is clear, that the factor In xg
is equivalent to In x(T) and the factor A f ^  is equivalent to the en- 
tropy of fusion as defined in equation (9)•
In the same formalism a general expression for of a dissolv-
ing crystal can be given [24]
1 m % 
“hkl = kT f=i ‘N  ’ (2,)
whe r e :
and m is the number of nearest neighbours of a growth unit in the slice 
of the face (hkl). If equivalent wetting is assumed the solute-fluid 
bond in the bulk of the solution, is equal to the solid-fluid bond
at the crystal surface <t>S *\
Hence:
(23)
Dividing from equation (21) by H(T)^'SS from equation (19) with
use of equation (23) results in:
m
a E ij>
“hkl _ 1 i = 1 1  ( (2k)
,U /T \di ss RT n 
AH(T) £ (j,
i=1 i
If we assume, that in each arbitrary direction the energy of the fluid- 
fluid or fluid-solid bond is proportional to the energy of the solid- 
s o 1i d bond i.e.:
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where p and q refer ot solid (s) and solution (f) cells and i and j 
correspond to two different arbitrary directions and we keep in mind, 
according to Bennema et al. (24), that:
Es 'i c e = ™  i (26)
pq '•
and
we finally obtain using equations (25), (26) and (27):
m , .
s *. E 1Ce 1=1 i ss
n E
I ss
i = 1
(28 )
Combining equation (28) with equation (24) and using equation (2) will 
give after some rewriting:
= e AH(T)di5S ( )
hkl S k i  RT
Substituting the result of equation (11) in equation (29) finally the 
general formula for the calculation of a.. j will be obtained:
AH(T )d,SS T Ac
“hkl = 5hkl (-----RT-------- ,n X(T) W m ^ dT) (30)
m
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3. EVALUATION OF ct, , , AND cx* .
J hkl hk1
3.1. Periodic Bond Chain analysis and the surface anisotropy factor 
5hkl
As the structure and the system of bonds of naphthalene and bi­
phenyl are identical (see ref. [1], fig. 1.), we will not go into the 
details of the PBC analysis of naphthalene and here only the results 
will be presented. Naphthalene crystallizes in the monoclinic space 
group P2^/a, with two mol ecu les in the unit cel 1 . The cell dimensions 
are a = 8 .235^, b = 6.003^, c = 8.652A and f5 = 122°55', as has been 
determined by Cruickshank [25].
The energies of the different bonds between the molecules within 
the lattice are calculated in the same way as before [1]. There it is 
assumed, that a bond between two molecules includes a number of atom- 
atom bonds. The energies involved in these atom-atom bonds can be cal­
culated, upon assuming van der Waals interactions between them, with 
the parameters given by Williams [26]. The bond energies are given in 
Table 1. The crystal1ization energy is equal to
E = 2 d + e + f + 2 g + a + m + 2 k  . (31)
cr
In the case of naphthalene E = -14.05 kcal/mole. In the calculation of 
the surface anisotropy factors, S^kl ’ only the interaction between the 
twelve nearest neighbours i.e. d, e, f and g bonds are taken into ac­
count. Then only five different F-faces can be identified for naphtha­
lene and E is reduced to -13.46 kcal/mole. The resulting values of 
cr 3
the surface anisotropy factors are given in Table 2. From Table 2
47
TABLE 1
Bond energies of naphthalene
Label example Bond energy 
(kcal/mole)
d M(2) - M (1) -3.66
e M (2) - M(2,010) -3.47
f M(2) - M(2,001) -1.03
g M (2) - M (1,101) -0.82
a M {2) - M(2,100) -0.14
m M (2) - M(2,101) -0.25
k M (2) - M (2 ,011) -0.10
an order of morphological importance of the F-faces of naphthalene can 
be determined. The most important face is the {001} face, followed by 
respectively the {110} and {20Ï} faces. Less important are the {200} 
and {111} faces. This is in good agreement with the experimentally ob­
served morphology. Naphthalene crystallizes as {001} platelets with 
{110} faces and sometimes also the less important {201} side faces.
TABLE 2
Results of the PBC analysis of naphthalene
F faces Bonds in 
the s 1i ce
Ehkl
(kcal/mole)
ehkl
(001) 2d + e -10.89 0.802
(110) d + f + g - 5.50 0.409
(201) e + 2g 5.11 0.380
(200) e + f - 4.50 0.334
(111) d + g - 4.48 0.333
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3.2. The solübility curves
In order to determine the solübility curves of biphenyl and naph- 
thalene in toluene, solute i.e. naphthalene or biphenyl and solvent 
(toluene) are weighed into glass ampoules. The ampoules are sealed and 
rotated head-over in a thermostat. When the temperature in the thermo­
stat is close to the saturation temperature of the solution in one of 
the ampoules, the temperature is increased in steps of 0.05°C every 
24 hours. The temperature at which the last crystal disappeared is 
regarded as the saturation temperature of the solution. In between two 
steps the temperature in the thermostat is kept'constant within 0.02°C. 
When the temperature in the thermostat is not close to a saturation 
temperature, it is increased at a much faster rate. This procedure has 
an accuracy better then 0.1°C.
Fig. 1. Solübility plots o f  biphenyl in toluene (1) and naphthalene 
in toVu&ne (2).
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ln figure 1 the data obtained are given in a plot of ln x(T) ver­
sus 1/T, where x(T) is expressed as mole fraction and T in degrees K.
In this figure the least square 1 i nes according to equation (13) are 
fitted to the experimental points.
For naphthalene this resulted in:
In x(T) = -2332.25/T + 6.590 (32)
and the value of AH(Tm )^US obtained from this relation, using equa­
tion (13): 4627 kcal/mole, is in good agreement with the value of 
4490 kcal/mole, reported by Ward [27].
For biphenyl the result was:
ln x(T) = -2253.34/T + 6.592 . (33)
The value of AH(T )^us calculated from this relation: 4479 kcal/mole 
m
is again in good agreement with the value of 4460 kcal/mole, reported 
by Spaght et al. [28], The differences between the values for the en­
thalpy of fusion obtain from the solubility data and calorimetric mea- 
surements [27,28] give an indication of the departure from ideality of 
the solutions and may be explained from the regular solution theory.
3.3- The heat capacities
To obtain the difference in the heat capacities of the crystalliz- 
ing compounds in the solid and liquid phase Ac^ (equation 7), the heat 
capacities are plotted as a function of the temperature T in figure 2. 
For naphthalene the data of McCullough [29] are used and for biphenyl 
the data of Spaght et al. [28]. To these data the best straight 1ines 
(0^ = a + bT) are fitted by means of a least square method. The result
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for the constants a and b are given in Table 3- Now, as we are interest- 
ed in the differences in the heat capacities of the crystal1izing com- 
pound in the solid phase and the undercooled liquid phase, the lines 
giving the relation between the heat capacities of the liquid phase 
(the melt) and the temperature are extrapolated to low values of the 
temperature i.e. we assume that the same linear relation between the 
heat capacities of the liquid phase and the temperature is valid below 
the melting temperature.
---- > TinK
Fig. 2. Plots o f  heat eapaeit-ies against temperature. 
(1) Biphenyl; (2) naphthalene.
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3.^ . The calculation of a, . , and a, . ,
hkl hkl
The factors can be calculated using equation (11). The first
term on the right hand side of this equation: AH(Tm )^US/RTm can be cal­
culated using the heats and temperatures of fusion given by McLaughlin
[22]. The concentration factor ln x(T) can be obtained from the solubi- 
lity curves given in figure 1. The integral in equation (11) is calcu­
lated using the parameters of the linear relations between the heat 
capacities and the temperature given in Table 3- There is a small dif- 
ference with the previous published results, due to a slight difference 
in the used formula's, but this does not essentially change our con-
• clus i o ns .
TABLE 3
Constants of the linear regression fits of molar heat capacities in 
cal/°K
Compound state a b Range, °K
naphthalene sol id -11.80 0.173 292 - 3^5
naphthalene 1iqui d 19.21 0.093 357 - 371
bi phenyl sol id -12.01 0.196 303 - 333
bi phenyl 1 iquid -21.52 0.123 353 - 373
ln the calculations of anisotropy in the bond strengths of
the bonds within the lattice has to be taken into account. This has 
been done in the same manner as before [1], The results of the calcu­
lations of a,.. for biphenyl, growing from a solution saturated at 30°Chkl
and are given in Table k. For naphthalene, the results of the cal-
R
culations of for growth from solutions in tol'uene with saturation
temperatures of about 10°C, 30°C, 38°C and 50°C (x(Tg ) is respect i vely
0.19, 0.33, 0.40 and 0.53) are given in Table 5-
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Results of the calculation of and for biphenyl in toluene at
30°C
F face 
(hkl)
Shkl “hkl
R
“hkl
(001) 0.796 5.4 2.6
(110) 0.41(4 3.0 2.8
(11Ï) 0.361 2.45 3.4
(201) 0.317 2.15 2.7
(200) 0.277 1.9 3.0
TABLE 5
Results of the calculation of and of naphthalene in toluene
F faces 
(hkl)
5hkl “hkl
at 9-95°C
“hkl
at 29.59°C
“hkl
at 37.92°C
“hkl
at 49.59°C
R
“hkl
(001) 0.802 5.9 5.7 5.6 5.5 2.5
(110) 0.409 3.03 2.92 2.87 2.80 2.75
(201) 0.380 2.81 2.71 2.66 2.60 2.78
(200) 0.334 2.5 2.4 2.3 2.3 3.2
(111) 0.333 2.5 2.4 2.3 2.3 3.4
4. EXPERIMENTS AND DISCUSSION
4.1. General
The observation cell and the experimental set up have been de- 
scribed in a previous paper [1]. The solutions are prepared, as de- 
scribed before from commercial grade chemicals (biphenyl: Aldrich 99.5%;
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naphthalene: Aldrich 38%; toluene: Merck 33%), without further purifi- 
cation. The linear growth rates of the crystal faces are calculated 
from the exposures taken from the crystals by way of a reversed micros­
cope Leitz, type Diavert, fitted with an automatic camera Leitz, type 
Orthomat-W by means of time lapse photography.
To determine the saturation temperature T g of the solution, the 
same procedure was adopted as before. The relative supersaturat ion o 
is defined by:
x(T ) - x(T )
o ------—  r-r -t---—- , (34)
x(T )
where x(Tg) the actual concentration, expressed as mole fraction is the 
equi librium concentration of the solution at the saturation temperature 
Tg and x(Tg) is the equilibrium concentration at the actual working 
temperature T . During an experiment the differences between minimum 
and maximum temperature never exceed 0.02°C. This implies a nearly con­
stant absolute error in a, depending on the derivative of the solubili- 
ty curve at the actual working temperature T .
From an extensive analysis of the errors, involved in the measure- 
ments of the linear growth rate of a face, R, with this type of measur- 
ing systems, it has been shown by one of us [30], that a good approxi­
mation for the error is the Standard deviation in the growth rates cal­
culated from successive exposures, during one experiment. However, when 
a crystal face is growing in a non-faceted way, the measurements of R 
are less accurate.
The growth experiments are started by lowering the temperature to 
a temperature below T , with only one small crystal in the measuring 
cell. To determine the critical relative supersaturat ion , at which
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the transition from faceted to non-faceted growth of a face (hkl) oc-
and kept constant a few hours to be sure that the man i festat ion of the 
faces will not change anymore under the existing experimental condi- 
tions.
Oue to the imperfections in the measuring system described in a 
previous paper, not too much value must be attributed to the plots of 
the linear growth rate R versus the relative supersaturation a. Just 
to give an impression of the dependence of R on a, in figure 3 three 
diagrams of R versus o are given. The possible errors in R and a are 
represented by respectively the full vertical and the full horizontal 
lines through the measured points. It is clear, that it is not possi­
ble to draw conclusions about the growth mechanism from these diagrams. 
Nevertheless a few global conclusions can be drawn from these growth 
rate versus relative supersaturat ion measurements.
1. As can be expected from Arrhenius like expressions (reaction rate 
in dependence of the temperature) the growth rate increases, when the 
saturation temperature of the solution and therefore the actual working 
temperature during the experiments is higher. This is clearly demon- 
strated in the following sequence of the linear growth rates of the 
{110} face of naphthalene, growing from toluene solutions at a constant 
relative supersaturation of about 1%.
curs, the temperature is changed by very small amounts (0.01 - 0.03°C)
k.2. The growth rate versus relative supersaturation
~  800 nm/s <
RA9-59°C ~  2500 nm/s
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0\
------- > <T in*/. ------- '  ° r in '•
Fig. 3. Linear growth ra tes versus r e la tiv e  supersatur
(a) Biphenyl in  toluene ; %(TS) = 0.42.
(b) Haphthalene in  toluene ; x(Tg) - 0.33.
(o) Naphthalene in  toluene ; ~ 0.19.
where the in the superscript given temperatures refer to the saturation 
temperature of the solution.
2. Within the range of relative supersaturations applied during the 
experiments of this investigation it has been observed, that at small 
values of o the linear growth rate of the {110} faces is lower than the 
linear growth rate of the {201} faces (both in case of biphenyl and 
naphthalene). At higher values of a, within the experimental error, the 
growth rate of the {110} and {201} face are about equal. This behaviour 
is also demonstrated by the fact that at higher values of a the size
of the non-faceted {201} face does not change anymore relative to the 
size of the faceted {110} face, with time. For the time being we can 
not give a reasonable explanation for this behaviour.
3. When a crystal is growing without facets (except for the (001) 
face) the growth rate is not isotropic. Due to a much higher growth 
rate in the direction of the b-axis, the crystals are elongated in the 
direction of the b-axis. This phenomenon can be easily understood from 
the differences in the energy of the bonds in the direction of the a- 
and b-axis as can be seen from Table 1.
4.3- Observations on biphenyl
Crystals of biphenyl are grown from a solution in toluene saturat- 
ed at 28.85°C. As illustrated in figure 4, depending on the value of 
the relative supersaturation, three different morphologies may be ob­
served. If the crystals are grown at values of a below about 0.7%, the 
{001} platelets are bounded either by faceted {110} faces alone (fig­
ure 4a) or by faceted {110} faces and non-faceted {20T} faces (fig­
ure 4b). If o is higher than 0-7%, the {110} faces are not faceted any­
more and the {001} platelets have the morphology as shown in figure 4c.
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Fig. 4. Biphenyl in  toluene; polccrizing microscopy.
(a) o -  0.20%; (b) o = 0.27%; (o) o = 0.99%.
These observations can be easily understood in terms of the values
R Rof a,, . and a,, . given in Table 4. From the values of a,,n and a 1ln it hkl hkl 3 110 110
can be seen that the {110} faces are growing below the roughening tem­
perature. So, at low supersaturations properly faceted growth of the 
{110} faces, can be expected (figures 4a and 4b) and at higher relative 
supersaturations non-faceted growth of the {110} faces, can be expect­
ed, due to kinetical roughening (figure 4c). From the values of “2 0?
R —
and “2 0Ï 's suggested, that the {201} faces are growing above the
roughening temperature and never faceted growth is to be expected for 
the {201} faces (figures 4b and 4c).
4.4. Observations on naphthalene
In order to investigate the transition from faceted to non-faceted 
growth more thoroughly, the growth of crystals of naphthalene growing 
from solutions in toluene with saturation temperatures of 9-95°C, 
29.59°C, 37-92°C and 49.59°C was studied. Now, four different morpholo-
gies of the crystals can be observed (figure 5).
At low relative supersaturations the {001} platelets are bounded 
by either faceted {110} face alone (figure 5a) or by faceted {110} and 
{201} faces (figure 5b). At moderate values of a the {201} faces are 
not faceted anymore, when present, while the {110} faces are still 
faceted (figure 5c). At still higher values of a the {110} faces are 
also not faceted anymore and the {001} faces are the only faceted faces 
(fi gure 5d).
H g . 5. Naphthalene in  toluene; po lavizing  microscopy - 
(a) a = 0.88%; (b) o = 0.32%; (c) o = 1.14%; (d) ff = 1.47%.
This growth behaviour of the side faces can be understood from
the values of ahkl and ahk] given in Table 5- From the values of a 11Q 
R
and “ jiQ 't can be seen, that the {110} faces are growing below the
roughening temperature. Hence, at low relative supersaturations proper- 
ly faceted growth of the {110} faces can be expected (figures 5a, 5b 
and 5c). At higher relative supersaturations non-faceted growth of the 
{110} faces can be expected, due to kinetical roughening (figure 5d).
For the {201} faces, the situation is more complicated. According
to the values of “2oï an<^  a20Ï 'n "^a^'e only in the case where the
crystals are growing from the solution with Ts = 9.95°C, growth below
the roughening temperature would occur. However, as faceted growth of
{201} is observed (at low supersaturations) for growth from all four
solutions, it seems reasonable to assume, that the {201} faces, growing
from these solutions, are also growing below the roughening temperature.
This is in contradiction with the values of a2oï and “201 9'ven 'n
Table 1. However, with regard to this contradiction it must be real-
R
ized, that in the calculations of and a number of assump-
tions are made. Especially the condition of equivalent wetting, (equa- 
tion 23), is difficult to justify. Indeed in many cases the solute- 
fluid interaction, will bé somewhat stronger than the solid-fluid
one, so <j>. > <j>.. That, in turn, means, that equation (30) tends to un- 
derestimate “^kl- observed growth behaviour of the {201} faces can 
be interpreted as follows: At low relative supersaturations faceted 
growth can be expected and at higher relative supersaturation non- 
faceted growth may be observed, due to kinetical roughening.
In this investigation also attempts are made to determine more 
exactly the critical value of the relative supersaturation, at which 
the transition from faceted to non-faceted growth occurs, both for the 
{110} and the {201} faces. Also the reversed process i.e. the transi­
tion from non-faceted growth to faceted growth is investigated. The way 
in which the transition from faceted to non-faceted growth occurs, is
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VFig. 6. Roughening o f  naphthalene in  toluene; ^(Tg) - 0.32; 
p o larizing  microscopy. The m agnification o f  (d, e and b) i s  '0.8 times 
the m agnification o f  (a, b and c ) .
(a and b) o - 1.40%; (c, d3 e and f )  a -  1.44%.
Time in te rv a l between successive photographs i s  5 min.
illustrated in figure 6. A {001} platelet bounded by faceted {110} faces 
is roughened by raising the relative supersaturation. In figure 7 the 
way in which the transition from non-faceted to faceted growth takes 
place, is illustrated. A crystal originally grown at high relative 
supersaturation, is facetting after the relative supersaturation has
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Fig. 7. Faaeting o f  naphthalene in  toluene; x(Ts ) = 0.Z2; 
po larizing  mieroscopy.
(a) a = 2%; (b, c, d, e and f )  a - 0.15%.
Time in te rva le  betueen the photographs (o, d, e and f )  and photo- 
graph (b) ave vespea tive ly  0 .5, 1, 3 and 6.5 hovrs.
been lowered to a small value and both faceted {110} and {20T} faces 
are formed. The values of determined in the case of transition
from faceted to non-faceted growth is not exactly equal to the value 
°f 'n t i^e reversed case. This differences in the critical values
of the relative supersaturations varied between 0 .0k% and 0.2%.
From the mean values of given in Table 6, it can be seen,
that the differences between the values of the four sol ut i ons are
small. When it is realized, that these values of cannot be deter-
mined very accurately, it seems reasonable to conclude from the small
R Rdifferences in c r ^  for the four solutions, that is about constant
and independent of the saturation temperature of the solution.
TABLE 6
Critica) relative supersaturations for the transition from faceted to 
non-faceted growth of {110} and {20Ï} faces of naphthalene in toiu- 
ene.
Ts
i n °C
Face
&T
i n C
{20 T}
R
°20 Ï  
i n %
Face
AT
in °C
{110}
R
° 1 10
i n %
9.95 0.12 0.35 0.43 1.26
29.59 0.12 0.31 0.57 1.46
37-92 0.14 0.3*1 0.57 1.39
' 0 . 59 0.14 0.31 0.63 1.38
5- GENERAL CONCLUSIONS
From this investigation the following conclusions can be formulat-
1. At small relative supersaturations, the growth rates of the {110} 
faces of biphenyl and naphthalene, growing from toluene, are much small­
er, than the growth rates of the {201} faces. At higher values of the 
relative supersaturation, where {201} is non-faceted and {110} is ei- 
ther faceted or non-faceted, the growth rates are about equal .
2. For the {110} and {201} faces of naphthalene, growing from tolu-
ene, the values of the critical relative supersaturations > at 
which the kinetical roughening transition occurs are independent of 
the saturation temperature of the solution.
3. From the differences of a,. . and a. , , factors predictions can behkl hkl r
made about the probability whether a face (hkl) will be present on a 
crystal or not and about the mani festation of the^ace. The following 
three possibi1ities can be distinguished.
a. If is smaller than the face (hkl) will grow above the
roughening temperature and it will be non-faceted. However, it is not 
sure, whether the face will be present on the crystal, especially if
a. . , is much smalier than a. , , . hkl hkl
b. If is about equal to the face may grow above or below the 
roughening temperature i.e. respect i vel y non-faceted or faceted. In 
case, the faces grow below the roughening temperature, they will be- 
come rough already at low values of the relative supersaturation, due 
to kinetical roughening.
c. If is larger than the face will grow below the roughening
R
temperature. Especially when the difference between and is
large, the face (hkl) will always grow faceted and kinetical roughening 
is not likely to occur and the face will always be present on the crys­
tal .
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PART TWO: GROWTH OF POTASH ALUM

CHAPTER IV:
ON DISPERSION IN THE GROWTH RATES OF THE 
DIFFERENT FACES OF POTASH ALUM CRYSTALS
Part I: Measurements of the linear growth 
rates of the {111} faces by means 
of a flowsystem
H.J. Human
RIM Laboratory of Solid State Chemistry,
Faculty of Science, Catholic University,
Toernooiveld, Nijmegen, The Netherlands
ABSTRACT
In this paper, a flowsystem will be described, which is extremely 
suitable for the measurement of the linear growth rates of crystal 
faces, as a function of the relative supersaturation, relative velocity 
between crystal and solution and time. As we were interested in varia- 
tions in the growth rates, an extensive analysis of the errors involved 
in the measurements will be given and the accuracy of the measurements 
will be discussed. As an example of the versati 1 i ty of this measuring 
system, the results of the measurements of the growth rates of the 
{111} faces of potash alum, growing from aqueous solutions, as a func­
tion of the relative supersaturation and the relative velocity between 
crystal and solution will be presented. The results for the relation 
between the growth rate and the relative supersaturation is interpreted 
in terms of a cooperating spiral growth mechanism. The results con- 
cerning the relation between the growth rate and the relative velocity 
between crystal and solution point to the existence of an adsorption 
layer around a growing crystal.
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1. INTRODUCTION
Most of the investigations of the relation between the linear 
growth rate of the faces of the single crystals of potash alum 
(KAL(SO^)£• 121^0) and the relative supersaturation for growth from an 
aqueous solution [1-7] have two objects in view. The first object is to 
obtain information on the growth mechanism of the crystal face under 
consideration. The second object is to determine the values of certain 
parameters determining the growth process.
A number of different models for crystal growth have been devel- 
oped. Burton, Cabrera and Frank (BCF) [8] described a step model, in 
which essentially flat crystal surfaces grow by addition of growth units 
to kink sites in an infinite sequence of equidistant steps. According to 
Frank [9] the source of the steps is a screw dislocation, with its Burgers 
vector ending on the surface and which winds itself into a growth spiral. 
Far away from the centre of the growth spiral the steps can be considered 
parallel and equidistant. For the relation between the linear growth rate, 
R, and the relative supersaturation, ct, Burton, Cabrera and Frank obtain- 
t?d:
1
R = C. —  tanh — (1 .1)o o
The parameter ct. is given b y :
„ _ 9•5y ' a 
1 skTX
s
(1.2)
where y' is the edge free energy of a growth unit in a step, a is the 
distance between growth units, s is the number of cooperating spirals, 
k is the Boltzman constant, T is the absolute temperature and is the
mean surface diffusion distance. The parameter C is given by:
where D is the surface diffusion constant, n is the equilibrium con- s so ^
centration of growth units on the crystal surface and n is the mean 
volume occupied by a growth unit, has the same meaning as in equa­
tion (1 .2 ) and 5 is a retardation factor of a growth unit entering the 
kinks of a step given by:
where is the relaxation time for a growth unit entering the kinks
and Dg have the same meaning as in (1 .2 ) and (1 .3).
If the "effective surface bond strength" of a growth unit in the 
surface is low, the surface will be rough and another two-dimensional 
nucleation growth mechanism might become important. From Monte Carlo 
simulation experiments of this situation [ 1 0 ,1 1 ] it is found, that the 
dependence of the linear growth rate, R, on the relative supersatura­
tion, a, can be described by a "Birth and Spread" (B & S) model, where 
R is given by:
S k  . , O -1
? ■ {1 + —  tanh 2ir}
D T . Xs 1 (Uk)
from the surface, is the width of a terrace or step spacing and
R = Aa"^exp(-B/a) (1.5)
wi t h :
1/3
a ( 1 . 6 )
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where Cq is the fraction of the surface sites occupied by growth units, 
and a have the same meaning as in the equations (1.2) and (1.3) and 
C' is given by equation (1.3) with ? = 1 and
where y ' , k and T have the same meaning as in equation (1.2).
Up ti 1 1 now, the investigations of the relation between the 1in — 
ear growth rate and the relative supersaturation have not been very 
succesful with respect to the determination of the growth mechanism, 
mainly because of large scatter in the positions of the experimental 
points. Another, more fundamental reason, why these investigations have 
not been very succesful with respect to the determination of the growth 
mechanism, as shown by Garside et al. [12], is due to the close similar- 
ity of the shapes of the curves given by the equations (1.1) and (1.5).
Also with regard to the determination of the parameters and C 
in the case of spiral growth (BCF) or A and B in the case of two-dimen- 
sional nucleation growth (B & S), these investigations have not been 
very succesful. The main reason for these poor results, is again the 
large scatter in the experimental points. Another serious problem in 
the determination of the variable and C or A and B has been analyzed 
by Garside et al. [12]. The variable and C or A and B are usually 
obtained from the curve, which by means of a least square method, fit 
the best to the experimental points: For the variables and C accord- 
ing to equation (1.1) and for the variables A and B according to equa­
tion (1.5). Due to the flat minimum in the plots of the sum of the 
squares of the deviations versus and C or A and B, qui te a number 
of different combinations for the constants and C or A and B, which
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give the same value for the sum of the squares of the deviations, are 
possible. This implies, that quite a number of equal good fitting curves, 
with a considerable variation in the variables and C or A and B, 
can be attributed to a given number of experimental points.
The aim of this investigation is to gèt a better understanding of 
the origin of the large scatter in the experimental points in the plots 
of the linear growth rate versus the relative supersaturation, normally 
obtained from the experiments of the investigations of the relation be­
tween the linear growth rate and the relative supersaturation. In prin- 
ciple two possible origins for the large scatter in the experimental 
points can be distinguished: "Experimental errors" and "real variations" 
in the linear growth rate. Experimental errors can originate from ei- 
ther imperfections in the measuring system or from failures in the ex­
perimental procedure. Scatter in the positions of the experimental 
points, resulting from this type of experimental errors have been di- 
minished to an in every respect acceptable level. Scatter in the expe­
rimental points, resulting from real variation in the linear growth 
rate, which must have a physical significance and which must be inher­
ent to changes in the growth process itself, will be called "disper- 
sion" in the linear growth rate. As we are not really interested in the 
quantitative relation between the linear growth rate and the relative 
supersaturation, we will simply use the supersaturation, ct, as defined 
by equation (2.1) in section 2 .2 .k . and not one of the more elaborate 
"correct measures" of the driving force for crystal growth reported in 
1 i terature [13-19].
The structure of the paper will be as follows: After the introduc- 
tion in section 1, in section 2.1. a description of the flowsystem will 
be given and in section 2.2. the experimental procedure followed
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THERMOSTATED CABIN
Fig. 1. Soheme o f  the floiosystem: A analyser; C cocks; CA au 
D adjustable diafragma; F f lo a t ,  L Hghb souvee; MO mieroscope 
P aen trifuga l pump, PO p o la rizerj S.V. storage vesse l;  X ï x ,y - t  
PT platinum thermometer; H.T. heater therm ostat; C/F.T a e l l / f lo  
C.T. cooler thermostat; S.V.T. storage vesse l thermostat.
throughout this investigation will be described. In section 2.3- an ex- 
tensive discussion of the possible errors and accuracy of the measure- 
ments will be given. In section 3- the results of the measurements of 
the linear growth rate as a function of the relative supersaturation 
and the time will be given. In section 3-5. the influence of the hydro- 
dynamics on the linear growth rate will be shown. Finally in section k. 
the results will be discussed within the frame work of the spiral 
growth theory of Burton, Cabrera and Frank and a number of conclusions 
will be gi ven.
2. EXPERIMENTAL
2.1. Description of the flowsystem
2.1.1. Fvinaiple o f  the flowsyetem
In figure 1 the scheme of the flowsystem is given. An undersatu- 
rated solution is pumped from the storage vessel S.V. to the cooler 
by means of the centrifugal pump P. The solution reaches its satura­
tion temperature somewhere halfway the cooler and will become saturat- 
ed. When the solution leaves the cooler, the temperature will be be- 
low the saturation temperature and the solution will be supersaturat- 
ed. From the cooler the supersaturated solution passes to the single 
crystal mounted in the cell. After the cel 1 the solution enters a 
heater, which serves to destroy all nuclei possibly formed somewhere 
in the cooler or in the cell. The solution will reach its saturation 
temperature again somewhere halfway the heater and will leave the 
heater undersaturated. The undersaturated solution passes through a 
calibrated flowmeter back to the storage vessel S.V.
With this experimental set up, it is possible to measure crystal 
growth rates at fairly high relative supersaturations for rather long 
times without crystallization elsewhere in the system. Spontaneous 
nucleation can take place only in a comparatively small part of the 
system, because only in a restricted part of the system the solution 
is supersaturated. Moreover, the presence of crystals elsewhere in the 
system is quite easily checked: Crystallization can only take place 
on the coolest spots in the system i.e. in the cooler. The influence 
of crystallization elsewhere in the system on the relative supersatu­
ration will be discussed later on in part 2.3-
2.1.2. Temperature aontrol
As the driving force for crystal growth from solution in a closed 
system is completely determined by the actual working temperature 
during the experiment, special attention is paid to temperature con- 
trol, measurement and registration. Most components of the flowsystem, 
like the pump P, the cooler, the cell, the heater and the flowmeter 
are placed in a thermostated cabin, in which the temperature is kept 
constant within + 0.1°C. The storage vessel S.V. is placed in the 45 1itre 
thermostat S.V.T. Tamson type TX45, in which the temperature is kept 
constant within + 0.01°C. The double walls of the cell and flowmeter, 
the cooler and the heater are connected to circulating thermostats 
Tamson Type TX9, Haake type B3 and Haake type F3 respectively, in 
which the temperature is kept constant within + 0.05°C. The four ther­
mostats of the flowsystem cannot be placed in the thermostated cabin, 
because they produce too much heat. Therefore, to prevent excessive 
fluctuations in the temperature of the solution in the cell, due to 
changes in the temperature of the thermostats, special precautions
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are taken with regard to the proper functioning of the thermostats.
To minimize the influence of draughts and day and night rhytm in the 
temperature of the surrounding, the thermostats are placed in a closed 
cupboard. The contactthermometers of the Tamson TX45 and TX9 are ther- 
mostated with the water of their own thermostats for the same reason. 
The most stabile functioning of the thermostats is obtained, when a 
small amount of ordinary tap water is used to remove the heat dissi- 
pated in the thermostats by the pumps. To prevent changes in the tem- 
peratures of the thermostats, due to changes in the pressure in the 
tap water, the amount of cooling water was regulated using Brooks 
flowcontrol Iers type 8810.
In addition the glass tubes in the thermostated cabin, connec- 
ting the different components of the flowsystem as wel 1 as the cooler 
and the heater are thermally very wel'1 insulated. Also the pipes 
from the thermostats to the cooler, the cel 1 and flowmeter and the 
heater are thermally very well insulated.
2.1.3- Heat exchange
To minimize the influence of volume diffusion on the growth pro- 
cess as much as possible, i.e. to be in the regime where we are measur- 
ing the surface integration kinetics, the linear growth rates are mea- 
sured at high relative velocities between crystal and solution. For 
this reason, special attention is paid to the design of the cooler and 
the heater. The cooler and the heater are both constructed from two 
concentric glass tubes, in such a way, that the space within them is 
divided into an "inner" and an "outer" compartment. In the outer com- 
partment a glass coil is mounted, which empty itself into the inner 
compartment. In the inner compartment a glass coil is mounted, which
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is connected with the outer compartment. The solution enters the cooler 
by way of the coil in the outer compartment and before leaving the 
cooler passes through the inner compartment. On the other hand the 
fluid of the cooler thermostat enters the cooler by way of the coil in 
the inner compartment and passes through the outer compartment before 
leaving the cooler. The way in which the solution and the fluid from 
the heater thermostat passes through the heater is completely reversed: 
The solution enters the heater in the inner compartment and passes 
through the coil in the outer compartment before leaving the heater, 
while the fluid of the heater thermostat enters the heater in the outer 
compartment and passes through the coil in the inner compartment before 
leaving the heater.
In this way intensive cooling in the coils is combined with 
rather long residence times in the compartments. Despite this special 
design of cooler and heater, the solution leaving the cooler and the 
heater is not in thermal equilibrium with the fluid of the thermo- 
stats, especially at high f1owvelocities. However, within a very re- 
stricted time: mostly within 30 minutes after a change in the expe­
rimental conditions like a change in the temperature of the thermo- 
stats or flowvelocity, a dynamic equilibrium is reached.
2.1.4. The oeVL
The cell consists in the central part out of a rectangular glass 
tube of 2x4 cm. In order to minimize the losses in the yield of the 
pump and to obtain a flow velocity as high as possible and a good 
streamline profile, the connection of the central part of the cell to 
the connecting glass tubes of the system is made as smooth and gradual 
as possible. To prevent, that the image of the crystal is blurred
78
during an experiment, because of the collection of airbubbles in the 
viewfield of the microscope at the central part of the cell, the cell 
is tilted approximately 15 degrees out of the horizontal plane, with 
the elevated part on the downstream side.
At the central rectangular part of the cell, two ground glass 
connections are fitted on the opposite narrowwalls. In the fi rst 
ground glass connection a teflon plug with crystal holder and crystal 
is placed. The teflon plug and the crystal holder are constructed in 
such a way, that even during an experiment the crystal can be rotated 
over 360 degrees around an axis perpendicular to the long axis of the 
cell. In the other ground glass connection, about 2 centimeter down­
stream from the first connection, a glass stopper fitted with a thin- 
walled capillar is placed. To measure and registrate the temperature 
of the solution during an experiment, within the glass capillar a 
Pt-100 resistance thermometer is mounted. The cell itself is placed in 
a yoke and can be rotated over 360 degrees around its long axis, even 
during an experiment.
2.1.5. Temperature measurement and reg is tra tio n
The temperature of the solution in the cell during an experiment 
is measured by means of a Pt-100 resistance thermometer Heraeus type 
K2015- The Pt-100 resistance thermometer is connected to a resistance 
bridge Bleeke type 53^21, fitted with a four wi re connection, in order 
to be able to correct for differences in the resistance of the connec­
tion cables. The equilibrium of the resistance bridge is determined, 
using an analog DC Nul 1 voltmeter Hewlett Packard type 419A. Deviations 
from equilibrium are continuously registered using the analog output 
of the DC Nul 1 voltmeter in connection with a two-channel flatbed record-
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er Kipp type BD9. With this equipment it is quite easy possible to ob- 
serve changes in the temperature during an experiment smaller than 
+ 0.01 C. The accuracy in the determination of the absolute temperature 
during an experiment is probably not much better than + 0.1°C.
2.1.6. Measurement o f  the disiptaoement o f  o rysta l faaes
The displacements of the crystal faces are followed by means of a 
normal measuring microscope Leitz type "Mehrzweck-Messmikroskop", in 
brightfield transmission microscopy. As crystal growth is a very slow 
process, the microscope is equiped with an automatic camera Leitz type 
Orthomat-W, connected to an interval timer, in order to make full advantage 
of the available time. In this way, it is possible to follow the displace­
ment of a crystal face continuously, i.e. all day long and seven days 
a week. For sake of convenience, whenever an exposure is made, a marker 
signal is fed to the recorder. Simu1taneous1y , the displacement of a 
crystal face can be measured directly, using a micrometer ocular.
Because of the comparatively large distance from the crystal to the 
top window of the cel 1, only objectives with large working distances 
like: Bleeker A 2 , Leitz NPL10/0.2 and Leitz L25/D.22 can be used.
In order to be able to position the microscope properly with 
regard to the crystal and to measure the displacement of the micros­
cope relative to the crystal, the microscope is mounted onto a x,y- 
table fitted with screw micrometers. Due to the tolerance on the 
bearings of the x,y-table, without special precautions in principle 
the microscope can move, vibrate or translate relative to the crystal.
To prevent this uncontrolled movement of the microscope relative to 
the crystal, the microscope can be locked to the yoke of the cel 1 by 
means of special nuts. When the microscope is locked to the yoke of
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the cell, no movement can be observed of the microscope relative to 
the crystal and the image of the window of the camera can be directly 
used as a reference in the measurement of the displacements of the 
crystal faces.
2.1.7- General performance and oontcordnat-Lon o f  the so lu tion
To prevent contamination of the solution as much as possible, much 
attention is paid to the choice of the materials, from which the flow- 
system is constructed. The only materials, with which the solution 
comes in contact are: Glass and Teflon. ln order to have a large and 
regular flow of the solution along the crystal and to prevent leakage 
of the solution along the rotorshaft, a centrifugal pump with magnetic 
coupling is chosen, to pump the solution through the flowsystem. As a 
pump of this type, completely constructed from teflon, is not commer- 
cially available, the rotor and the pumphousing are designed and con­
structed in the technical department of our university. The rotor of 
the pump is driven by the motor of an Iwaki pump type MD50.
For convenient experimental performance, on apropriate positions 
cocks are placed in the system. Some of these cocks are used during the 
filling of the flowsystem, others are used to regulate the flow veloc- 
ity in the system by changing the flow resistance in the system, or 
on other occasions. The velocity of the solution along the crystal is 
calculated using the volume flow as measured by the calibrated flow- 
meter Brooks type R-12M-25~5 fitted with a teflon float. In order to 
minimize the losses in the yield of the pump and to obtain a flow veloc­
ity as high as possible, the inner diameter of the glass tubes in the 
flowsystem is nowhere less than 14 mm.
Contaminat ion of the solution is not very likely to occur because
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of the materials used in the flowsystem. Moreover the flowsystem is 
a completely closed system and for this reason contaminat ion of solu­
tion from the outside is Virtually impossible. The only possible way 
of contamination of the solution is by way of the cement used to glue 
the crystal to the crystal holder. However, with respect to this possi- 
bility it must be realized, that both types of cement used, are almost 
insoluble in water and only very smal 1 amounts of cement are used.
The most convenient way to do experiments with the flowsystem, is 
to keep the temperatures of the storage vessel , ce 11/f 1 owmeter and 
heater thermostat constant and to change the actual working temperature 
T^ of the solution, by changing the temperature of the cooler thermo­
stat. No problems will arise, when the temperature of the cel 1/flowmeter 
is about 0.2°C below the saturation temperature, the temperatures of 
the storage vessel and heater thermostat are respectively about 0.5°C 
and 1.5°C above the saturation temperature and the thermostated cabin 
is kept at a temperature about 0-5°C above the saturation temperature. 
The temperature of the cooler thermostat varies from about 5-0°C below 
the saturation temperature for experiments with high relative supersat­
uration, to about 2.0°C below the saturation temperature for experi­
ments with low relative supersaturation.
2.2. Experimental Procedure
2.2.1. Preparation o f  the so lu tio n  and the flowsystem
The solution is prepared by dissolving potash alum "pro analysi" 
from Merck in deionized water. The appropriate amounts of potash alum 
and deionized water are determined from the solubi1ity curve given by 
Jantid [20] and the desired saturation temperature. The potash alum is
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dissolved in the deionized water at a temperature far above the satu­
ration temperature. To remove dust partiele as much as possible, the 
solution is filtrated over a glass "filter type G1», at a temperature far 
above the saturation temperature.
The glassware of the flowsystem is cleaned with diluted HF and 
rinsed first with ordinary tap water and finally with deionized water. 
Before filling the f1owsystem with the solution, the whole system is 
rinsed another five times with deionized water, using the centrifugal 
pump P to pump the water around in the flowsystem. Finally the system 
is dried by clean air.
To prevent crystal1ization during the filling procedure of the 
system, the temperature of the solution, as wel 1 as the temperatures 
of al 1 the thermostats are kept far above the saturation temperature 
of the solution. After the filling of the system, the pump is started 
and the solution is pumped around for a couple of hours, with the tem­
peratures of the thermostats far above the saturation temperature, in 
order to dissolve all crystals possibly formed somewhere in the flow­
system, during the filling procedure. Sufficiently long before the 
mounting of the first crystal into the cel 1, the temperatures of all 
the thermostats are lowered to a temperature near the saturation tem­
perature of the solution and the system is allowed to reach thermal 
equi1i bri um.
2.2.2. The seed c ry s ta ls
For this investigation rather well developed single crystals and 
{100} slices are used as seed crystal. The normal single crystals are 
grown in a batch crystallizer by "Ostwald Ripening". The quality of the 
crystals is examined optically by means of a stereomicroscope Leitz
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type TS and varies from "Almost perfect" to "Badly damaged". The {100} 
slices are cut from almost perfect large single crystals, grown by a 
slow temperature decrease technique, in a 2 litre vessel on a rotating 
crystal tree, by means of a wet wire saw. Before mounting the {100} 
slices onto the crystal holder, they are very well polished on a soft 
wetting cloth.
2.2.3- The mounting o f  the c ry s ta ls  in  the o e tt
The majority of the crystals are glued to the crystal holder using 
a contact cement on cyanoacry1ate base: Permacol, Industrial Contact 
cement type 301. Because the results were not always satisfactory in 
a number of cases another cement is used: 3M Auto Adhesive type 8060E.
The ways, in which the different types of seed crystals can be 
attached to the crystal holder are given in figure 2. As shown in the 
figures 2a and 2b, normal single crystals are glued to the flat end of 
the crystal holder. The {100} slices are mounted onto the flat side of 
the crystal holder in the way as shown in figure 2c. When a normal sin­
gle crystal is attached to the crystal holder, only in six different 
positions of the crystal holder in the cell, more than one crystal 
face is parallel to the axis of the optical system. One position 
is given in figure 2a. Two other similar positions can be obtained by 
rotating the crystal holder over 120 and 240 degrees around its axis. 
Another position is given in figure 2b. From this position another two 
positions can be obtained by rotating the crystal holder over 120 and 
240 degrees. The position given in figure 2b can be obtained from the 
position given in figure 2a by rotation of the crystal holder over 60 
degrees.
In the case, that the crystal is mounted into the cell in the
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Face 1
(Q) lb) Ic)
Fig. 2. The three p o s s ib i l i t ie s  to  mount the a rystd l in to  the o e ll:
a, b two o f  the s ix  possib le  p o sitio n s o f  a normal s ing le  arysta l;
o one o f  the two possib le  p o sitio n  o f  a {100} s l ic e .  The d ireo tion  o f  
the aurrent i s  indioated by the ar raus.
way as shown in figure 2a or in one of the two similar positions it is 
possible to measure the displacement of three different faces:
1. Face 1: (TT 1) is parallel to the streamlines of the solution.
2. Face 2: (001) makes an angle of about 63 degrees with the stream­
lines of the solution.
3. Face 3: (111) makes an angle of about 55 degrees with the stream­
lines of the solution.
Also in the case, that the crystal is mounted into the cell in the 
way as given in figure 2b or in one of the two similar position it is 
possible to measure the displacement of three different faces:
1. Face 1: (111) is parallel to the streamlines of the solution.
2. Face 2: (101) makes an angle of about 26 degrees with the stream­
lines of the solution.
3. Face 3: (111) makes an angle of about 55 degrees with the stream- 
1 i nes of the solution.
When a {100} slice is attached to the crystal holder, only two
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position of the crystal holder in the cell are possible, where more 
than one face is parallel to the axis of the optical system. In the 
first position, shown in figure 2c, the {100} face is facing the 
"upstream" side of the cell. In the second position, not shown, the 
crystal holder is rotated over 180 degrees and the {100} face is facing 
the "downstream" side of the cell. The direction of the flow in figure 2 
is indicated by arrows. With this type of seed crystal, it is in prin- 
ciple possible to measure the displacement of:
1. Face 1: (111) makes an angle of about 36 degrees with the stream- 
lines of the solution.
2. Face 2: (100) is perpendicular to the streamlines.
3. Face 3: (111) makes an angle of about 36 degrees with the stream­
lines of the solution.
Before the mounting of a crystal into the cell, the temperature 
of all the thermostats are increased to a temperature far above the 
saturation temperature. In order to dissolve all crystals possibly 
formed during former experiments, the temperatures of all thermostats 
are kept at this temperature far above the saturation temperature for 
a couple of hours. Sufficiently long before mounting the crystal into 
the cell, the temperature is lowered to a temperature below the satu­
ration temperature and the system is allowed to reach thermal equilib­
rium. To mount the crystal in the cell, the pump is stopped and the 
cocks below the cooler and the heater are closed. Now the crystal on 
the crystal holder is mounted into the cell. To start the experiment, 
the cocks below the cooler and the heater are opened again and the 
pump is started.
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In this paper, as a measure for the driving force, the relative 
supersaturation, a, as defined by:
2.2,4. The sa tu ra tio n  temperature and the r e la t iv e  supersaturation
will be used. Where is the saturation temperature of the solution
and is the actual working temperature during the experiment. Both
concentrations C_ and C_ , expressed in kg KAL(SO.) . 12H_O/kg Solution
1 S 1A
are determined from the solübility data given by JanCié [20] . Cy is
S
the equilibrium concentration of the solution at the saturation temper­
ature, T-, and is in principle constant for a given solution. C_ is
A
the equi librium concentration of the solution at the actual working 
temperature of the experiment under cons iderat ion and may vary from 
one experiment to another.
In order to be able to calculate the relative supersaturation, a, 
quantitatively, it is necessary to determine the saturation temperature 
of the solution quite accurately. This can be done in the following 
way: First the temperature of the solution in the cel 1 is increased 
until, by means of the microscope dissolution of the crystal is ob- 
served. Next the temperature of the solution in the cel 1 is lowered, 
until growth of the crystal is observed. In this way a temperature in­
terval for the saturation temperature can be obtained. The size of the 
temperature interval can be diminished by repeating the same procedure 
with decreasing temperature changes. The procedure is most easily per- 
formed by changing only the temperature of the cooler thermostat. With 
t|>is procedure it is possible to determine the saturation temperature
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the data of Jantid [20], the actual saturation concentration C_ of the
's
sol ut i o n .
The criterion for "dissolution" and "growth" of a crystal, used in 
the determination of the saturation temperature of the solution, is the 
rounding off of a crystal edge at dissoiution and the facetting of 
curved areas of a partly dissolved crystal at the places of the fast 
growing (small) faces {101} and {100} at growth. This criterion when 
observed by means of the microscope, fitted with high power objectives 
happens to be quite sensitive.
2.2.5- Measurement o f  the displaaements o f  c ry s ta l faces and th e ir  
linear growth ra tes
The linear growth rate of a crystal face in a certain time inter­
val can be calculated, when the displacement of this face in the time 
interval is known. To measure the displacement of a crystal face cor- 
rectly, the crystal must be positioned in the cell in such a way, that 
the face, from which the displacement must be measured, is parallel to 
the axis of the optical system.
For each experiment, a number of exposures of the crystal are made 
by time lapse photography at a given fixed time interval. The displace- 
ments of the crystal faces, during all the time intervals of the exper­
iment are measured, by projecting all exposures of the experiment on 
one piece of mi 11imeterpaper and copying the "outer" contours of the 
crystal onto it. The image of the window of the camera is used as a 
reference. From the measured d i spl acemen ts, it is possible to calculate 
for each time interval a differential linear growth rate using:
conv. Ax , ,
Dï ff At ' 1
where Ax is the displacement of a crystal face, measured in the projec- 
tion on mi 11imeterpaper in millimeters and At is the time interval of 
the measurement in minutes. Conv. is a conversion factor, to convert 
the displacement measured on the mi 11imeterpaper in millimeters, to 
nanometers in reality. Conv. can be obtained from a calibration of the 
whole optical system: microscope, camera and enlargement apparatus, 
using a micrometer object. Throughout this paper the linear growth rate 
will be expressed in nanometers per second.
To check, whether during an experiment the linear growth rate is 
constant with time, the displacements of the crystal faces in nanome­
ters are plotted against the time and a least square 1ine is fitted to 
the experimental points. For the same reason the differential linear 
growth rates Rp. ^  are plotted against the time. The linear growth 
rates to be presented later on in the plots of the linear growth rate 
versus the relative supersaturation, are the arithmetical means of the 
differential linear growth rates of the experiments given b y :
? ,  RDi ff
R = — --------  (2.3)n
where n is the number of time intervals in an experiment, equal to the 
number of exposures minus one. To get an idea about the reliability of 
a certain experiment, also the Standard deviation in the differential 
linear growth rates of an experiment is calculated.
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The main aim of this investigation is to get a better understand- 
ing of the iarge scatter in the experimental points, observed at this 
investigation and by a number of investigators at studying crystal 
growth from solution. For this reason, it is essential to be able to 
distinguish between scatter because of experimental errors and scatter 
involved in the crystal growth process itself, i.e. due to dispersion 
in the growth rates. In this part we will discuss the errors involved 
in the experiments with the flowsystem and the accuracy of the measure­
ments. First the systematic and accidental errors in the relative super­
saturation will be discussed. Finally the systematic and accidental 
errors in the linear growth rate, R, will be discussed.
2.3.1. The re la tiv e  supersaturation a
From the definition of the relative supersaturation, a, given in
formula 2.1 it is clear, that the error in the relative supersaturation
is due to: partly an error in C_ and partly an error in C_ .
A S
Possible origins of the error in C_ are:
TA
1. Errors in the solubility curve used throughout this paper to deter- 
mine CT , from the actual working temperature T. during an experi-
'a A
ment.
2. Errors in the determination of the actual working temperature, T^, 
during an experiment, as a result of errors in the equipment used 
to measure the actual working temperature, i.e. the Pt-10(T resis- 
tance thermometer in combination with the resistance bridge and the 
DC Nullvoltmeter.
3. Real temperature fluctuations of the solution during the experiment.
2.3- Experimental errors and accuracy of the measurements
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The errors resulting from 1 and 2 are not exactly known, but probably
they can be neglected because they are smal 1 and systematic from origin.
Moreover, they have the same effect on C_ and C and therefore will
S A
cancel to a great extent. For this reason they are probably only im­
portant, upon comparing the results of this investigation with the 
results of other authors.
For the interpretation of the data of this investigation only the
error in C_ resulting from 3: Real fluctuations in the actual working 
A
temperature T^ during an experiment, are important. From the continuous 
registration of the actual working temperature Tft it appears, that two 
types of temperature fluctuations can be distinguished.
1. Temperature fluctuations on short term, with a period of a couple of 
seconds, which are probably mainly due to the noise of the equipment 
used to measure the temperature, i.e. the Pt-100 resistance thermo­
meter, resistance bridge and DC Nul l vol tmeter. These fluctuations 
usually do not exceed + 0.02°C.
2. Temperature fluctuations on long term, with a period of a couple of 
hours, which are probably real temperature fluctuations. Normally, 
these fluctuations are in the order of + 0.03°C.
In general the difference between the maximum and minimum actual work­
ing temperature during an experiment does not exceed 0.07°C, resulting 
in an uncertainty in the relative supersaturation, ct, of about
+  0 . 1 . i o ‘ 2 .
With respect to the error in the relative supersaturation, a,
caused by the error in the saturation concentration C_ , the situation
S
is much more complicated. For the error in the saturation concentration 
C-|. two possible origins can be indicated:
91
1. An error in the saturation temperature T^, resulting from the deter- 
mination of the saturation temperature, by means of the process al- 
ready described. This error can probably be neglected because it is 
small, as shown before: about + 0.02°C and systematic from origin.
2. Real changes in the saturation concentration C_ . A possible in-
S
crease, due to evaporation of the solvent, or a possible decrease, 
because of crysta11ization elsewhere in the system, or consumption 
of growth units from the solution by the growing crystal.
As the saturation concentration CT i.e. the real concentrat ion
S
of the solution is not measured during an experiment, now we will dis- 
cuss the consequences of the possible causes for changes in the satu­
ration concentration, mentioned in 2, in somewhat more detail.
Crystal1ization elsewhere in the system can be observed quite 
easily, because the solution is supersaturated only in a restricted 
part of the system and only this part of the system has to be checked. 
Normally crystal1ization takes place on the coolest spot in the system,
i.e. in the cooler. Rough estimates, based on either the number and 
size of the crystals observed in the cooler or the volume occupied by
the crystal, have shown, that even in the worst cases the deviation in
-2
the relative supersaturation, a, never have exceeded 0.2.10 . Moreover, 
whenever crystal1ization elsewhere in the system, i.e. in the cooler, 
is observed, the experiments are stopped and the crystals formed else­
where in the system are dissolved. This can be done quite easily, by 
stopping the pump, closing the cocks below the cooler and heater and 
increasing the temperature of the cooler thermostat to a temperature 
far above the saturation temperature. So, crystal 1ization in the system 
causes medium long term fluctuation of the saturation temperature T<.,
92
which as mentioned before never exceed 0.07°C.
Evaporation of the solvent or consumption of growth units from 
the solution by the growing crystal, will cause a long term drift in 
the saturation concentration: upwards in case of evaporation of the 
solvent; downwards in case of consumption of growth units. The only 
way to check, whether the saturation concentration of the solution has 
been changed due to one of the two mentioned effects, is to determine 
frequently the saturation temperature, using the method already de- 
scribed. From the performed determinations of the saturation tempera­
ture, it was found, that the saturation temperature was not lowered 
more than 0.06°C, even for the group of experiments, which lasted for 
more than six months. The small value of this change in the saturation 
temperature must be attributed, probably to the large volume of the 
solution in the system, being about 10 litres.
Summarizing: Due to real temperature fluctuation in the actual
working temperature T^, the relative supersaturation, a, will fluctuate
-2
around an average value with an amplitude of + 0.1.10 . The differ-
ence between the average value of the relative supersaturation during an
experiment and the real momentary supersaturation, because of crystal-
-2
lization elsewhere in the system, will never exceed 0.2.10 . The dif- 
ference between the average value of the relative supersaturation and 
the real relative supersaturation, because of evaporation of the sol­
vent, or consumption of growth units from the solution by the growing
-2
crystal, is smaller than 0.1.10
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From formula 2.2 it can been seen, that the error in the differ- 
ential linear growth rate Rp. is due to: partly an error in the 
conversion factor conv., partly an error in the displacement Ax of a 
crystal face, measured on the projection on mi 11imeterpaper and part­
ly to an error in the time interval At.
In the interval timer for the automatic camera, a very precise 
and reliable digital quartz clock is used. For this reason the error 
in the time interval At is small, i.e. less than 0.1%. The error in 
the conversion factor conv. cannot be estimated reasonably on before- 
hand. However, it must be realized, that this conversion factor conv. 
is in principle a constant, depending on the enlargement chosen during 
an experiment. So, an error in the conversion factor conv. causes a 
systematic error in the differential linear growth rate, which might 
become important, when different enlargements are chosen, or upon com- 
paring the results of this investigation, with the results of other 
authors. From a number of calibrations of the whole optical system: 
microscope, camera and enlargement apparatus we know, that the relative 
error in the conversion factor conv. is of the order of 0.5%.
Possible origins of the error in the displacement Ax of a crys­
tal face are:
1. Displacement of the microscope/camera relative to the crystal in 
the cell during an experiment.
2. No proper position of the crystal with respect to the axis of the 
optical system.
3. Differences in the alteration of the dimensions of the photographic 
material of different films during development and subsequent drying.
2.3.2. The lin e a r  growth ra te  R
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4. Errors due to variations in the mi 11imeterpaper, like alteration of 
the length of the mi 11imeterpaper, due to changes in the relative 
humidity of the air or as a result of errors during the printing of 
the mi 11 imeterpaper.
5. Errors made during the copying of the outer contours of the crys­
tal on mi 11 imeterpaper.
6. Errors made during the measurement of the displacement of the crys­
tal face on mi 11 imeterpaper.
The error resulting from 1 is small and can be neglected, when the 
special nuts are used to lock the microscope/camera firmly to the yoke 
of the cell. The error resulting from 2 is small and can be neglected, 
when some special attention has been paid to the positioning of the 
crystal in the cell. Moreover, as the position of the crystal in the 
cell normal ly is not changed in the course of the experiments with one 
crystal, it will result in a constant systematic deviation in differen- 
tial linear growth rate Rpjff • The errors resulting from 3 and 4 are 
not known, but most probably they are small. As it is not possible to 
give a reasonable estimation of their magnitude, they will be neglected.
The errors resulting from 5 and 6 are not known on beforehand, 
but they are certainly not small and cannot be neglected. To obtain a 
reasonable estimation of the error in the displacement of a crystal 
face, resulting from 5 and 6 five representat i ve experiments, including 
144 different differential linear growth rates are projected twice, 
independently of each other. From these projections the differences in 
the displacements of crystal faces, from corresponding measurements,
i.e. same experiment, same time interval, are determined. In figure 3 
the result from this procedure is presented, in a histogram of the 
value of the differences in the measured displacements versus the
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Fig. 3. Histogram o f  the values o f  the d iffe ren ces in  the measured 
displacements o f  the c ry s ta l faces, in  the twice independently o f  each 
other pro jected  exposures o f  5 experiments, including 144 d if fe r e n t ia l  
linear growth ra te s .
number of measurements. It can be seen in this figure that about 90% 
of all measurements are lying within the interval of + 1.0 mm. In the
calculations of the value of the absolute error in the differential
linear growth rate R_.,- , this interval of + 1.0 mm will be used, as 3 Di ff - ’
a certainly not too low estimation of the absolute error in the dis­
placement of a crystal face in the projection on mi 1 1 imeterpaper.
When the errors in the time interval At and the conversion fac­
tor conv. can be neglected, the value of the absolute error in the 
differential linear growth rate A R ^ . ^  can be calculated using:
A R Diff
conv. eAx 
At (2.4)
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where conv. is the conversion factor discussed before, At is the length 
of the time interval of a measurement in minutes and eAx is the abso­
lute error in the displacement of a crystal face in the projection on 
mi 11imeterpaper, for which the above given value of + 1.0 mm must be 
used. The value of the absolute error in the differential linear growth 
rate varies from 1 5 . 2  nm/s, during the least accurate measurements with 
the Bleeker A2 objective and a time interval of 15 minutes between 
successive exposures, to 0.1 nm/s during the experiments with the Leitz 
L2 5x/0 . 2 2 objectives and a time interval of 120 minutes between succes- 
s i ve exposures.
3- RESULTS
3.1. Description of the experiments
During this investigation the linear growth rate of 21 crystals
-2
is measured at relative supersaturations up to 4.5.10 in about 235 
experiments. The first 20 experiments, in which the growth kinetics of
6 crystals is investigated, were used to become familiar with the flow- 
system. The 6 crystals of this group of experiments are normal single 
crystals, mounted into the cell in the way as shown in figure 2a or 2b.
During the next 100 experiments, the relation between the linear 
growth rates of some of the faces of another 8 crystals and the rela­
tive supersaturation is investigated in more detail. With the excep- 
tion of crystal 22, all crystals of this group of experiments are nor- 
mal single crystals. With the exception of crystal 12, which was moun­
ted into the cell as shown in figure 2b, the other normal single crys­
tals are mounted into the cell as shown in figure 2a. Crystal 22 is a
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{100} slice, cut from an almost perfect large single crystal, with 
we 11 developed {100} faces and is mounted into the cell in the way as 
shown in figure 2c. The saturation temperature of the solution during 
this group and the first group of experiments is about 29.9°C. The 
relative velocity between the crystal and the solution is equal to 
about 0.3 m/s.
For the remaining 115 experiments, the course of the linear growth 
rate of some of the faces of-another 7 crystals with time is investi- 
gated, at a restricted number of constant relative supersaturat ions.
With the exception of the crystals 29 and 30, the seed crystals of this 
group of experiments are {100} slices, cut from almost perfect large 
single crystals, with well developed {100} faces, which are mounted 
into the cell as shown in figure 2c. The crystals 29 and 30, which are 
normal single crystals, are mounted into the cell, as shown in figure 2b. 
The saturation temperature of the solution during this group of experi­
ments is about 30.9°C. With the exception of the experiments with the 
crystals 30 and 31, where the influence of the relative velocity of 
the solution along the crystal on the growth rate at constant relative 
supersaturation is investigated, the relative velocity between the 
crystal and the solution is equal to about 0.3 m/s.
3.2. The first twenty experiments
In figure ba, the linear growth rates of the faces 1 of the crys­
tals 1, 3, 4, 5, 6 and 9 are plotted against the relative supersatura- 
-2
tion times 10 . In figure 4b, the simu1taneously measured linear growth 
rates of the faces 3 of the same 6 crystals are plotted against the rel­
ative supersaturation. The errors in the linear growth rates of the 
measured points, approximated by the Standard deviations in the differ-
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Fig. 4a. Growth ra te  R o f  face 1: the {111} face p a ra lle l w ith the 
flow  versus the re la tiv e  supersaturation o a t a re la tiv e  ve lo a ity  o f  
the so lu tion  along the c ry s ta l o f  about 0.3 m/s. Saturation temperature 
o f  the so lu tio n  during th is  group o f  experiments: 29.9°C. The f u l l  
line g ives the best to  the experimental po in ts f i t t i n g  BCF eu?ve; the 
dashed line  g ives the b es t B & S curve. The estim ated errors in  the 
growth ra tes  and the re la tiv e  supersaturations are given by respective-  
ly the f u l l  v e r tic a l and horizon ta l lines through the measured po in ts.
ential linear growth rates of the experiments, are presented by the full 
vertical lines through these points. The errors in the relative super­
saturation of the measuring points, resulting from real fluctuations 
in the actual working temperature during an experiment, being about
0.07°C, are indicated by the full horizontal lines. The least square 
fits of the theoretical spiral growth (BCF) curve, according to formu-
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Fig. 4b. Growth rate R o f  face 3: the {111} face, o f  whioh the growth 
ra te  has been measured sim ultaneously w ith  faoe 1, versus the re la tiv e  
supersaturation a. For fu r th e r  remarks see Fig. 4a.
la (1.1) are given by the full lines and of the theoretical two-dimen- 
sional nucleation (B & S) curve, according to formula (1.5) are given 
by the dashed lines. The two most striking features, which can be ob- 
served from the figures 4a and 4b are: The large errors in the linear 
growth rates of the measured points and the large scatter in the posi- 
tions of the measured points.
The large errors in the linear growth rates of the measured points 
are probably mainly due to experimental errors, but can also be the 
result of dispersion in the linear growth rate, during the experiments.
2
Relative Supersaturation, tf x 10
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Of the experimental errors, probably the most important contribution to 
the error in the linear growth rate of a measured point, is caused by 
the use of the low power Bleeker A2 objective during this group of ex- 
periments. The use of this objective, for which the conversion factor, 
(conv.), is large, results in, according to equation (2.4) a large value 
of the absolute error in the differential linear growth rate. Another 
important contribution of experimental origin, to the error in the 
linear growth rate, may be due to unnoticed displacements of the micros­
cope/camera relative to the crystal during an experiment. During this 
group of experiments displacement of microscope/camera relative to the 
crystal is possible, because the microscope/camera is not locked tightly 
to the yoke of the cell by means of the special nuts.
The large scatter in the positions of the measured points may be,
1 i ke the large errors in the linear growth rates of the measured points, 
the result of experimental errors, or may be due to dispersion in the 
linear growth rate during an experiment. The large scatter in the posi­
tions of the measuring points, resulting from experimental errors can, 
as mentioned in the introduction originate from: Imperfections in the 
flowsystem like the ones described before, or failures in the experi­
mental procedure, used during this group of experiments like:
1. Differences in the position of the crystal in the cell from one crys­
tal to another, or for one crystal from one experiment to another 
experiment. During this group of experiments no special attention is 
paid to the positioning of the crystal in the cell.
2. High linear growth rates, shortly after partial dissolution of the 
crystal, caused by growth of rounded off edges and corners. During 
this group of experiments, the crystals are partly dissolved in be­
tween two experiments, when their size has become too large.
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Fig. S. Growth ra tes R o f  the faoes 1: {111} faae p a ra lle l w ith  the 
flow  o f  the a rysta ls  12,16,17,18,19,20,21 and 22 versus tlie re la tiv e  
supersaturation a. R ela tive v e lo c ity  o f  the so lu tio n  alcng the a rysta l 
i s  about equal to  0.3 m/s. Saturation temperature o f  the so lu tion  
during th is  group o f  experiments: 29.9°C. The f u l l  lin es  give the b est 
to the experimental po in ts f i t t i n g  BCF curve; the dashed lin es  the best 
B & S curve. The estim ated errors in  the growth ra tes and the r e la tiv e  
supersaturations are given by resp ec tive ly  the f u l l  v e r tic a l and hori­
zonta l lin es  through the measured p o in ts .
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From this discussion it is clear, that is not possible to decide 
with certainty, whether the large scatter in the experimental points 
and the large errors in the linear growth rate must be attributed to 
experimental errors, or to dispersion in the linear growth rate.
3.3 ■ Dependence of the linear growth rate on the relative supersatu­
ration
For each of the crystals 12, 16, 17, 18, 19, 20, 21 and 22 sepa-
rately, the linear growth rate of face 1 is plotted against the rela-
2
tive supersaturation times 10 in figure 5 and of the simultaneously 
measured face 3 in figure 6. The errors in the linear growth rates of 
the measured points, approximated by the Standard deviation in the dif­
ferential linear growth rates of the experiments, are presented by the 
full vertical lines through the measured points. The errors in the 
relative supersaturation of the measured points, resulting from real 
fluctuations in the actual working temperature are given by the full 
horizontal lines. The least square fits of the theoretical spi ral growth 
(BCF) curve, according to equation (1.1), are given by the fu.11 lines 
and of the theoretical two-dimensional nucleation (B & S) curve, ac­
cording to equation (1.5), are given by the dashed lines.
The errors in the linear growth rates of the measured points, 
during this group of experiments are, in general, smaller than the er­
rors in the linear growth rates of the measured points of the first 
20 experiments. This decrease in the errors of the linear growth rates 
of the measured points of this group of experiments is the result of 
improvements in the flowsystem 1ike:
1. The use of more powerfull objectives like: Leitz NPL10x/0.2 at high 
and moderate supersaturations and Leitz L25x/0.22 at low supersatu-
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rations. The origin of the reduction of the error in the linear 
growth rate, at the use of more powerful1 objectives, is a decrease 
of the conversion factor conv., which as can be seen from equation (2. 
results in a smaller value of the absolute error in the differential 
1inear growth rate.
2. The use of special nuts to lock the microscope/camera tightly to the 
yoke of the cel 1 , in order to prevent displacement of the microscope/ 
camera, relative to the crystal, during an experiment.
The scatter in the positions of the measured points is less during 
this group of experiment, than during the first 20 experiments, but 
still quite considerable. During this group of experiments, more atten- 
tion is paid to the positioning of the crystal in the cell and the ex­
perimental procedure is adapted in such a way, that the crystal is not 
dissolved anymore in between two experiments. For this reason, the large 
scatter in the positions of the measured points cannot be attributed 
solely to experimental errors, 1ike the ones described in part 3.2. 
However, still the possibility exists, that this large scatter is due 
to unknown and unnoticed differences, or changes in the experimental 
conditions. To check, whether this was the case, direction and magni­
tude of the deviations of the simultaneously measured linear growth 
rates of the faces 1 and 3, from the best to the experimental points 
fitting theoretical spiral growth (BCF) curve, are investigated. It is 
found, that the deviations in the positions of the measured points of 
the faces 1 and 3, in reference to their respective BCF curves, both in 
direction and magnitude, are not necessarily the same. From this obser- 
vation it is clear, that the scatter in the experimental points is not 
the result of unknown variations in the experimental conditions.
For this group of experiments, it can be safely assumed, that the
Fig. 7. Growth ra tes  R o f  the fa c e s : {111} faoes not p a ra lle l to  the 
flow  o f  the c ry s ta l 25,26,27 and 28 versus the time a t a r e s tr ic te d  
nurriber o f  re la tiv e  supersa tura tions. On top o f  the p lo t o f  the growth 
rate versus the time fo r  each c ry s ta l, the nwriber o f  the experiment 
and the average value o f  the re la tiv e  supersaturation during th is  exper­
iment i s  given.
large scatter in the positions of the measuring points is not, or only 
to a small extent due to experimental errors. So, this large scatter 
in the experimental points must be attributed to "real variations" in 
the linear growth rate, with a physical origin, inherent to the crystal 
growth process itself. This phenomenon of real variations in the linear 
growth rate is called "dispersion" in the linear growth rate. One as­
pect, which has not been discussed up to now, is the way in which dis­
persion in the linear growth rate reveals itself as a function of time. 
From this group of experiments it is not perfectly clear, whether the 
linear growth rate changes in the course of an experiment, or not. By 
way of a larger value of the Standard deviation in the d i f f e r e n t i a l  
linear growth rates of an experiment, than of the absolute error in the 
differential linear growth rate, there exists some circumstantial evi- 
dence, that the linear growth rate changes in the course of an experi­
ment. However, it is not c'lear, whether the linear growth rate changes 
suddenly from one measuring interval to another, or whether this change 
takes place gradually. In order to study this phenomenon better, the 
second group of experiments is started. In these experiments, the 
linear growth rates of the crystal are investigated, only at a restrict- 
ed number of rather low supersaturations for very long periods.
3 - 4. Dependence of the linear growth rate on the time
In figure 7, the differential linear growth rates of the {111} 
faces 1 of the crystals 25 up to and including crystal 28 are given, as 
a function of time. The seed crystals of the crystals 25 up to and in­
cluding crystal 28 are {100} slices, cut from almost perfect large 
single crystals, mounted into the cell as shown in figure 2c. Because, 
in this part of the investigation we are interested in changes in the
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linear growth rate, during this group of experiments the more powerfull 
objectives (Leitz NPL10x/0.2 and Leitz L25x/0.22) are used, in order to 
keep the absolute error in the differential linear growth rate as small 
as possible. To prevent displacement of the microscope/camera relative 
to the crystal during an experiment, the microscope/camera is locked 
tightly to the yoke of the cell by means of special nuts. To preclude 
the measurement of too high linear growth rates, after partial dissolu­
tion of the crystal in between two experiments, the experimental proce­
dure is adapted in such a way, that the crystals are not dissolved any-
more in between two experiments. The average value of the relative su-
2
persaturat i on times 10 during an experiment and i ts number are given, 
for each crystal, on top of i ts part in figure 7-
For crystal 25 the absolute error in the differential linear growth 
rate is equal to + 0.7 nm/s, during the experiments 3 up to 12 and equal 
to + 1.4 nm/s during the experiments 1, 2, 12, 13 and 14. The changes in 
the differential linear growth rate after the experiments 9 and 10 are 
the result of changes in the relative supersaturation, due to deliberate 
alterations in the actual working temperature. During the experiments 7 
and 12, a small number of more or less abrupt deviations in the differ­
ential linear growth rate from the average value of the linear growth 
rate can be observed. These deviations which are slightly larger than 
the absolute error in the differential linear growth rate and therefore 
are supposed to be significant, cannot be attributed to changes in the 
relative supersaturation. A more significant deviation in the differen­
tial linear growth rate can be observed, as a result of a slow drift 
downwards in the differential linear growth rate, during the first nine 
experiments: From 4.5 nm/s at the beginning of experiment 1 to 1 2 nm/s 
at the end of experiment 9- Over this period the relative supersatura-
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tion is kept constant at 1.3-10
For crystal 26 the absolute error in the differential linear growth 
rate is equal to + 0.4 nm/s during the experiments 4, 5, 9 and 10,
+ 0.7 nm/s during experiment 8, + 0.9 nm/s during the experiments 2, 3,
6 and 7 and + 1.4 nm/s during experiment 1. The changes in the differ­
ential linear growth rate halfway experiment 5 and after the experi­
ments 6 and 9 are the result of changes in the relative supersaturation, 
due to alterations in the actual working temperature. Only during exper­
iment 10, a small number of differential linear growth rates deviate 
more or less abruptly and significantly, i.e. slightly more than the 
absolute error in the differential linear growth rate, from the average
value of the linear growth rate. The relative supersaturation during
-2
this experiment is equal to 1.7.10 . Other possibly significant devia-
tions in the differential linear growth rate, which cannot be attri-
buted to changes in the relative supersaturation, can be observed as
the result of a downward drift in the differential linear growth rate,
during the first four and a half day and the experiments 7, 8 and 9-
During the first four and a half day the relative supersaturation is
-2
kept constant at 1.1.10 and the differential linear growth rate de-
creases 0.7 nm/s: From 1.6 nm/s at the beginning of experiment 1 to
0.9 nm/s halfway experiment 5- During the experiments 7, 8 and 9 the
-2 -2
relative supersaturation varies from 2.2.10 to 2.3-10 and the dif­
ferential linear growth rate decreases 0.9 nm/s: From 4.4 nm/s at the 
beginning of experiment 7 to 3-5 nm/s at the end of experiment 9-
For crystal 27 the absolute error in the differential linear growth 
rate varies from, + 1.4 nm/s during the experiments 1, 2 and 3, to 
+ 0.7 nm/s during the experiments 4 and 6 up to and including experi­
ment 10 and + 0.3 nm/s during.experiment 5- The changes in the differen-
-2
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tial linear growth rate after the experiments 4 and 5, are the result 
of changes in the relative supersaturation, due to deliberate altera- 
tions in the actual working temperature. Significant deviations of the 
differential linear growth rate from the average value of the linear 
growth rate, i.e. deviations larger than the absolute error in the dif­
ferential linear growth rate, can be observed only, for a limited num­
ber of differential linear growth rates during the experiments 4, 5 
and 10. These more or less abrupt changes in the differential linear 
growth rate cannot be attributed to sudden changes in the experimental 
conditions, like changes in the actual working temperature. Other prob- 
ably significant deviations in the differential linear growth rate, 
which cannot be attributed to changes in the relative supersaturation, 
can be observed as the result of a downward drift in the differential 
linear growth rate, during the experiments 2, 3 and 4 and the experi­
ments 7, 8 and 9. During the experiments 2, 3 and 4, the relative su-
-2
persaturation is kept constant at 1.4.10 and the differential linear 
growth rate decreases about 1.0 nm/s: From 2.3 nm/s at the beginning 
of experiment 2 to 1.3 nm/s at the end of experiment 4. During the ex­
periments 7, 8 and 9, the relative supersaturation is kept constant at 
-2
2.1.10 and the differential linear growth rate decreases about 
2.2 nm/s: From 4.6 nm/s at the beginning of experiment 7 to 2.4 nm/s 
at the end of experiment 9-
For crystal 28 the absolute error in the differential linear 
growth rate is equal to + 0.3 nm/s during experiment 5 and + 0.7 nm/s 
during the remaining 11 experiments. A certainly significant deviation 
in the differential linear growth rate, which cannot be attributed to 
changes in the relative supersaturation, can be observed as a result of 
a downward drift in the differential linear growth rate, during all the
110
experiments with this crystal. During the experiments with this crystal
-2
the relative supersaturation varies from 2.1.10 during the experi-
-2
ments 5 and 11 to 2.2.10 during the remaining 10 experiments and the 
differential linear growth rate decreases about 3-2 nm/s: From 4.8 nm/s 
at the beginning of experiment 1 to 1.6 nm/s at the end of experiment 
12. No sudden, significant deviations in the differential linear growth 
rate, from the average value of the linear growth rate, can be observed
3.5. The influence of hydrodynamics
To investigate the dependence of the linear growth rate on the 
relative velocity between the crystal and the solution, the relation 
between the linear growth rate and the relative supersaturation is de- 
termined, at a number of different relative velocities between crys­
tal and solution, for two different crystals. In figure 8 the lin­
ear growth rates of the faces 1 and 3 of crystal 30, as a function of
the relative velocity between crystal and solution are given, at rela-
-2  -2
tive supersaturations varying from 0.5.10 to 2.0.10 . Crystal 30 is 
a normal single crystal, mounted into the cell as shown in figure 2c. 
Figure 8 is constructed from the values of the linear growth rate, o b ­
tained from the BCF curves, which fit the best to the experimental 
points in the plots of the linear growth rate versus the relative s u ­
persaturation, determined at three different relative velocities b e ­
tween crystal and solution. As can be seen from figure 8 for face 1, 
at fi rst the linear growth rate decreases at increasing relative veloc­
ity of the solution along the crystal and than increases to a value 
somewhat higher, than the value of the lowest velocity. The linear 
growth rate of face 3 increases all the time with increasing relative 
velocity of the solution along the crystal. This result for the rela-
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tion between the linear growth rate and the relative velocity between 
crystal and solution is not quite reliable, because the position of the 
best BCF curve in the plots of the linear growth rate versus the rela­
tive supersaturation is quite uncertain. First of all, because only 
over a restricted range of relative supersaturations, the relation b e ­
tween the linear growth rate and the relative supersaturation is inves- 
-2
tigated: up to 1.1.10 at the lowest relative velocity between crys-
-2
tal and solution and up to 1.8.10 at the highest relative velocity. 
Secondly, because the experimental points in the plots of the linear 
growth rate versus the relative supersaturation show a considerable 
scatter (dispersion?) .
In figure 9, the linear growth rate of face 1 of crystal 31, as a
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9. Growth rate R o f  face 1: {111} not p a ra lle l to the flow  o f
c ry s ta l 31 versus the re la tiv e  ve lo o ity  between c ry s ta l and so lu tio n  a t
—2 —2 —26 d i f fe r e n t  re la tiv e  supersaturat'Lons: 0.5.10 3 1.0.10 3 1.5.10 .j 
2.0.10~23 2.5.10~2 and 3.0.10~2.
function of the relative velocity between crystal and solution is
-2 -2
given, at relative supersaturations varying from 0.5.10 to 3-0.10 
Crystal 31 is a {100} slice, cut from an almost perfect large single 
crystal, mounted into the cell as shown in figure 2c. Figure 9 is con- 
structed from the values of the linear growth rate, obtained from the 
BCF curves, which fit the best to the experimental points in the plots 
of the linear growth rate versus the relative supersaturation, deter- 
mined at five different relative velocities between crystal and 
solution. It can be seen from figure 9, that on passing from low values 
of the relative velocity of the solution along the crystal to high 
values, the linear growth rate passes through a maximum. This result 
for the relation between the linear growth rate and the relative ve-
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locity of the solution along the crystal is much more reliable, b e ­
cause now the position of the best BCF curves in the plots of the lin­
ear growth rate versus the relative supersaturation is much better de- 
termined. First of al 1, because the relation between the linear growth
rate and the relative supersaturation has been determined over a much
-2
wider range: up to 2.3.10 at the highest relative velocity of the so-
-2
lution along the crystal and up to 4.5.10 at the lowest relative v e ­
locity. Secondly, because the scatter (dispersion) in the positions of 
the experimental points in the plots of the linear growth rate versus 
the relative supersaturation is much less and really good, smooth BCF 
curves can be fitted to the experimental points in the plots of the lin­
ear growth rate versus the relative supersaturation.
4. DISCUSSION AND CONCLUSIONS
4.1. Origin of the scatter
As shown before, the large scatter in the linear growth rate, 
which can be observed from the figures 5, 6 and 7 is not, or only to 
a small extent, due to experimental errors. Hence, this large scatter 
in the linear growth rate must be attributed to dispersion in the lin­
ear growth rate, resulting from variations in the growth process itself. 
The phenomenon of dispersion in the linear growth rate implies, that 
there exists no umambiguous relation between the linear growth rate 
and the relative supersaturation. The range over which the linear 
growth rate can vary, because of dispersion in the linear growth rate, 
is clearly demonstrated ii/i table 2, where the linear growth rates of 
the {111} faces 1 and 3 of the crystals 12, 16, 17, 18, 19, 20, 21 and
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TABLE 2
The linear growth rate of the {111} faces 1 and 3 obtained from the 
best to the experimental points fitting BCF curves
Crystal Pos i t i on Linear Growth Rate 
Face 1: {111} 
(nm/s)
Linear Growth Rate 
Face 3: {111}
(nm/s)
12 2b 7.5 7.Ï
16 2a 9.6 13.2
17 2a 13.3 9.1
18 2a 7.0 10.0
19 2a 13.7 6.5
20 2a 8.8 7-9
21 2a 11.8 8.2
22 2c 8.2 6.5
22, obtained from thei r best respective BCF curves are given, at a con-
-2
stant relative supersaturation of 3.0.10 . It can be seen from this 
table, that the linear growth rate of face 1 varies from 7-0 nm/s for 
crystal 18, to 13.7 nm/s for crystal 19; for face 3 the linear growth 
rate varies from 6.5 nm/s for the crystals 19 and 22 to 13.2 nm/s for 
crystal 16. Moreover, for crystal 19 the linear growth rate varies from 
6.5 nm/s for face 3 to 13-7 nm/s for face 1. The variat ion in the lin­
ear growth rates of the individual experimental points is even larger.
Dispersion in the linear growth rate may manifest itself during 
experiments, where the dependence of the linear growth rate on the rel­
ative supersaturation is investigated, in a number of ways. The fi rst 
way, in which dispersion in the linear growth rate may become obvious, 
is by way of a considerable variation in both the position and shape of 
those theoretical curves, which are best fitting to the experimental
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points. The second way, in which dispersion in the linear growth rate 
may show up, is by way of a value of the Standard deviation in the dif- 
ferential linear growth rates of a particular experiment, which is 
larger than the average value of the absolute error in the differential 
linear growth rates of that experiment. A larger value of the Standard 
deviation, in the differential linear growth rates of an experiment 
than the average value of the absolute error in the differential linear 
growth rates, is a possible indication for a change in the linear growth 
rate during that experiment.
4 . 2 .  G ro w th  mechanism
The least square fits of the theoretical curves, for spiral growth, 
according to equation (1.1) and for two-dimensiona1 nucleation growth, 
according to equation (1.5) are given in the figures 5 and 6, by res­
pectively full lines and dashed lines. It can be easily seen from the 
figures 5 and 6, that mainly due to the dispersion in the linear growth 
rate, is not possible to decide whether the {111} faces of potash alum 
grow according to a spiral growth (BCF) mechanism, or according to a 
two-dimensiona1 nucleation (B & S) mechanism. Also the values of the 
sums of the squares of the deviations between the experimentally ob- 
served and the theoretically expected values for the linear growth rate, 
given in the columns 5 and 8 of table 1, for respectively spiral growth 
and two-dimensional nucleation growth, clearly demonstrate, that it is 
not possible to decide about the growth mechanism.
4 . 3 -  The parameters a^, C, A and B
As a result of the large variations in both position and shape of 
the best to the experimental points fitting theoretical curves, which
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T A B L E  1
V a l u e s  of the p a r a m e t e r s  C, , A and B and the s u m  of the sq u a r e s  of the deviatior 
f r o m  least s q u a r e  f i t t i n g  p r o c e d u r e s
Crystals Face Parameters 
C o
Spi ral 
x 102
Growth (BCF)
Sum of squares 
of Deviations
Parameters Nucleation Gro\
Sum of sq 
A B of Deviat
1,3,4,5,6 ,9 1 29. 8 5.2 455.5 483.3 3.0 456.9
3 1639.6 34.7 81 9 . 8 6931 .8 1 5 . 8 445 .6
12 1 6. 0 2 . 1 28.4 214.0 1 .2 28.4
16 17-3 3.7 7.2 367-1 2 . 1 7.6
17 12.9 2.4 1 7 2 . 6 405.4 1.5 172.5
18 " 112.4 1 2 . 6 1 2 . 1 269.9 2 . 0 12.4
19 " 20.5 3.3 1 5 . 6 477.6 1.9 1 5 . 6
20 " 14.8 3.6 23.5 340.3 2.3 2 2 . 8
21 " 51.4 6. 2 9.5 583.6 2.9 15.4
22 11 109.4 1 1 . 0 4.3 450.0 3-2 4.3
12 3 360.5 2 1 . 2 1 2 . 1 669.5 4.9 13.7
16 41.5 5.2 14.4 543.6 2.4 16.5
17 6. 8 2. 0 37.6 253-6 1 . 2 37.6
18 " 5-7 1 .6 2.9 253-2 1 .0 2.9
19 " 187.5 1 6. 1 0.5 454.5 4.0 0.6
20 " 17.3 4.1 2.9 344.0 2.5 2.7
21 " 278. 0 17.5 9.4 1075-9 6 . 0 9.3
22 170.3 15-3 1 . 2 446.7 3-9 1 .0
can be observed from the figures 5 and 6, a large variation in thé pa­
rameters Oy C, A and B must be expected. This large variation in these 
parameter is indeed clearly demonstrated in table 1. In the columns 3 
and 4 of table 1, the parameters C and obtained from the least 
square fits for spiral growth, according to equation (1.1), for the faces 
1 and 3 of the crystals 12, 16, 17, 18, 19, 20, 21 and 22 are given.
In the columns 6 and 7 of table 1, the parameters A and B obtained from 
the least square fits for two-dimensional nucleation growth, according 
to equation (1-5). for the same crystal faces, are given. As can be seen 
from table 1, the parameters a^, C, A and B can vary considerably. Not 
only from one crystal to another, but also for one crystal, from one
crystal face to another. It can be notèd from table 1, that the param-
_2
eter C varies from 5-7 to 360.5, the parameter ct  ^ from 1.6.10 to 
_2
21.2.10 , the parameter A from 214.0 to 1075-9 and the parameter B 
from 1.0 to 6.0. Probably, this large variation in the variables ct^ , C,
A and B does not originate from dispersion in the linear growth rate 
alone. A possibly not unimportant contribution to the variation in the 
parameters Oy C, A and B, may be provided by the fitting procedure, used 
to obtain these variables. As shown by Garside et al. [12] and as men- 
tioned in the introduction, quite a number of equal good fitting curves, 
with a considerable variation in the variables and C or A and B, can 
be attributed to a given number of experimental points. So, with the 
use of the above given values for a^, C, A and B, as limiting values in 
the straight forward interpretation of the obtained results, one must 
be careful , because possibly an extra contribution to the variation in 
the constants is introduced by the fitting procedure itself.
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4.4, Interpretation of the results
4.4.1. In troduetion
General1y it is assumed, that on flat crystal faces growth occurs 
layer by layer, according to a step mechanism [8]. For the source of 
the steps, in principle two different models - see also the introduc- 
tion in part I - can be d i s t i n g u i s h e d : a spiral growth mechanism accord­
ing to Frank [9] or a two-dimensional nucleation mechanism [21]. In 
this paper we will restrict ourselves to the discussion of the obtained 
results within the framework of the first of these two theories: the 
spiral growth theory, Firstly, because it is difficult to imagine how 
dispersion in the 1 inear.growth rate can result from a two-dimensional 
nucleation mechanism. Secondly, because it is known from literature 
[22-26], that the screw dis 1o c a t i o n s , which according to Frank [9] are 
the origin of growth spirals, propagate throughout the crystal. Third- 
ly, because growth spirals, with very low steps heights have been ob- 
served on single crystals of potash alum by advanced optical techniques 
by van Enckevort et al. [26].
When it is assumed, that crystal growth occurs by a step m e c h a ­
nism, than the linear growth rate is given by:
v . d
R - - = -  (4.1)
o
where v^ is the velocity of a straight step, d is the height of the 
step and is the step spacing, i.e. the distance between successive 
steps. From this relation it is clear, that the linear growth rate is 
determined by the structure of the step pattern on the crystal face,
i.e. by d and and by the velocity of the steps: v^. From literature
[22] we know n o w a d a y s , that the surface patterns on the {111} faces of 
potash alum are closely related to the dislocation structure in the 
growth sectors of these faces. Consequently we assume, that the linear 
growth rate of a crystal face is determined by the dislocation structure 
in its growth sector and dispersion in its linear growth rate must be 
attributed to changes in the dislocation structure in its growth sec­
tor .
4.4.2. Dislocation structure in  the grcwth sec to r  o f  the {111} faces
The dislocation structure of potash alum has been investigated 
extensively [22-26]. From these investigations it has become clear, 
that in most cases, quite a number of dislocations with a screw compo­
nent are terminating on the {111} faces. The number of dislocations 
terminating on the {111} faces is normally constant, but can change 
significantly, when dislocations grow out of, or into the growth sec­
tor of the {111} faces. Another significant change, in the number of 
dislocation ending on the {111} faces, can occur, when as demonstrated 
by van Enckevort et al. [26] screw dislocations are generated or anni- 
hilated by liquid inclusions, which are formed in the growth sectors of 
the {111} faces, by a small accident during the growth process. Another 
interesting feature, which frequently has been observed, is that the 
dislocation lines drift apart as the crystal grows, resulting in a 
larger mutual distance between the outcrops of the screw dislocations on 
the crystal face.
4.4.3. Theoretical p o s s ib i l i t ie s  to  explain d ispersion in  the linear  
growth rate
Within the framework of the spiral growth theory, dispersion in 
the linear growth rate can be explained, when it is assumed, that the
linear growth rate is determined by one group, or a small number of 
groups of cooperating screw dislocation as found by van Enckevort et al.
[27], When the mutual distance between the outcrops of two screw dis-
* *
locations of a group of screw dislocations is at most 19r , where r 
is the radius of the critical two-dimensional nucleus, the screw dis 
locations can cooperate. In such a case, the distance between succes- 
sive steps of this set of cooperating spirals, according to Burton,
Frank and Cabrera [8] and Bennema et al. [31] is given by:
X , (4.2)
o skTa
where y ' , a, s, k and T have the same meaning as in equation (1.2) and 
a is the relative supersaturation. From this equation it can be seen, 
that the distances between successive steps will decrease, when the 
number s of cooperating spirals increases. This implies, that when it 
is assumed, that the rotational velocity of the spirals does not change 
too m u c h , the linear growth rate will be determined by the group of 
cooperating spirals, with the highest number of screw dislocations:
The dominating group of cooperating spirals.
Probably s w i 11 not be larger than 5 to 10 and may be a rather com­
plex function of the number of screw dislocations within the group of 
cooperating spirals and the mutual distances between their outcrops 
on the crystal face. In the case of a set of s' cooperating screw di s l o ­
cations with the same sign, due to a grain boundary having a length 
Burton, Frank and Cabrera [8] and Bennema et al. [31] obtained for s:
+ L /19r* 
gr
(4.3)
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where r is the radius of the critical two-dimensional nucleus, given, 
according to the classical Gibbs-Thomson expression b y :
r = ^  (k b)
r kTff ’
where y ' , a, k, T and cr have the same meaning as in equation (4.2).
Upon substitution of equation (4.4) in equation (4.3), from the equa- 
tions (4.1), (4.2) and (4.3) the f o l 1 owing equation for the linear 
growth rate can be obtained:
v^.d.s'
R = nm L ’ { k ' 5 )
kTa gr
From this equation it can be seen, that the linear growth rate is not 
only determined by the number s' of cooperating spirals, but also by 
L g r - This implies, that when the number s' of cooperating screw dislo- 
cations is kept constant, yet the linear growth rate will decrease, 
when the length of the grain boundary increases. So, when the distance 
between the outcrops of screw dislocations in the grain boundary in­
creases, i.e. when the "linear" density of screw dislocations in the 
grain boundary decreases, as is the case when L increases, the linear 
growth rate will decrease. Probably, similar conside ration will apply 
for the situation, where the outcrops of the screw dislocations are not 
lying in a grain boundary, but are more or less randomly distributed 
over the smal 1 crystal surface area, at the centre of the cooperating 
spi ral s .
To check whether it is reasonable to assume a cooperating spiral 
mechanism, i.e. to check whether the distance between the outcrops of
* * 
screw dislocations is smaller than 19r , an estimation of r is made,
1 2 2
using equation (4.4). For the {111} faces of potash alum the distance
-9
between growth units: a is about equal to 1.10 m. The relative super-
-2
saturation a varies during this investigat ion from about 0.25.10 to 
_2
4.5.10 . A reasonable estimation for y'/kT according to Bennema et al
[31] can be obtained by way of:
where for a according to Bennema et al. [30] (using the equations 
(2.2b) and (36)) the following relation can be derived:
“ = 5(Affs ' ln xs e q } ’ (4’7)
From the solübility curve [20], the value of x can be obtained: ' s eq
xs = 0.14. According to equation (37) of Bennema et al. [30]:
1 < Af„ < 2.5 (4.8)
f s
Substituting the above given quantitative values in equation (4.7) and
the obtained result for a with £ ^  0.5 in equation (4.6), by means of
* -6  ”6 
equation (4.4), values for r , varying from 0.01.10 m to 0.22.10
are obtained.
By combining the equations (4.2) and (4.4), the following equation 
can be obtained:
* X s
r = f f -  (4.9)
This leads to another estimation of the radius of the critical two-
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dimensional nucleus, when the step spacing is known. Recently, 
growth spirals with a very low step height have been observed by van 
Enckevort et al. [27] on the {111} faces of crystals of potash alum, 
when growing under almost identical c i rcumstances. Upon substituting 
in equation (k.3) for the maximum value observed by van Enckevort:
2.5-10 ^m and for s the maximum value of 10, for the radius of the 
critical t w o - d imensiona1 nucleus a maximum value of 1.3.10 ^m is o b ­
tained. The agreement between this value for the radius of the critical 
two-dimensiona1 nucleus and the above given value, is quite acceptable. 
Especially, when it is realized, that the value for s is most probably 
smaller than 10 and also smaller values for the step spacing have been 
obse rved.
About the significance of "strain" in a crystal for the linear 
growth rate, theoretically and experimentally much less is known. From 
simple physical reasoning it can be quite easily understood qualitative- 
ly, that in a strained area of a crystal, the chemical potential of 
the growth units will be higher and therefore the rate of integration 
of the growth units into the lattice will be lower. Theoretica 11y it 
has been shown by Cabrera and Levine [31] and by van der Hoek et al.
[32], that strain in a crystal will reduce the angular velocity of s p i ­
rals. Experimentally the situation is far more complicated. Because 
strain in a crystal is a quantity, which hardly can be measured, it is 
almost impossible to say something quantitatively, about the effect of 
the exi stence of strain in a crystal on the linear growth rate. Disper- 
sion in the linear growth rate, because of strain in a crystal can be 
expected, when it is assumed, that the screw dislocation move into, or 
out off an area with uniform strain, or that the screw dislocation 
approach each other close enough to feel each others strain field.
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k .k .k .  Discussion and conclusions with regard to d ispersion  in  the 
linear growth rate
ln figure 10 schemat i ca 11 y , a dislocation structure in the growth 
sectors of the {111} faces is given, which frequently has been observed 
by the extensive investigations of the dislocation structure of potash 
alum. From this figure, the downward drift in the iinear growth rates 
of the {111} faces of the crystals 2 5 , 26, 27 and 28, which can be o b ­
served from figure 7, can be understood when it is assumed, that the 
linear growth rate is determined by a cooperating spiral growth m e c h a ­
nism. As demönstrated by equation (4.5) in the case, where the screw 
dislocations are lying in a grain boundary, the linear growth rate will 
decrease, when the screw dislocations drift apart and therefore the 
length of the grain boundary becomes larger. Now, when it is assumed,
(100)
[011]
^2
Fig. 10. Schematic p ic tu re  o f  the d is lo ca tio n  s tru c tu re  in  the 
growth sec to r  o f  the {111} faces, showing the divergence o f  d isloca­
tio n  bundles: 1 from bundles ovig inating  from the seed c ry s ta l; 2 
from bundles s to r tin g  a t a liq u id  in c lu sio n , as a r e s u lt  from a small 
accident during the growth process.
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that similar considerations apply in the case, where the outcrops of 
the screw dislocations are not lying in a grain boundary, but are more 
or less randomly distributed over the crystal surface area at the cen- 
tre of the dominating group of cooperating spirals, the downward drift 
in the linear growth rates of the {111} faces can be understood as fol- 
lows: At t the distances between the outcrops of the dislocations are 
very smal 1 and hence the linear growth rate will be high. At t^ > tg the 
distances between the outcrops of the dislocations are considerable 
larger and therefore the 1 inear growth rate wi 11 be smal ler. At t^ > the 
distances between the outcrops of the screw dislocations have become 
even larger and unless the screw dislocations have drifted apart that 
far, that they cannot cooperate any longer, the linear growth rate 
will be even lower. From this argument it follows, that there exists 
in principle, an experimental possibility to obtain an unambiguous 
relation between the linear growth rate and the relative s u p e rsatura­
tion. When the crystals have grown long enough, the situation might 
be reached, where the distances between the outcrops of the screw di s ­
locations have become so large, that that cannot cooperate anymore. In 
this situation the linear growth rate is not determined by a set of 
cooperating spirals, but by a single spiral. In this case we will find 
a linear growth rate with s = 1 in equation (1.2). Whether this s i t u a ­
tion can be reached or not, remains q u e s t i o n a b l e . From the theory of 
crystal dislocations [32], it is well known, that screw dislocations 
with the same sign repel each other and therefore may drift apart.
It is not clear, whether this cooperating spiral mechanism is due 
to a group of cooperating screw dislocations formed by accident in the 
situation, where only a small number of screw dislocations are ending 
on a crystal face, or due to a group of cooperating screw dislocations,
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which can be expected as the normal result from the situation, where a 
large number of screw dislocations are ending on a crystal face. How- 
ever, as the downward drift in the linear growth rate has been observed 
for almost all the crystals, it is more likely, that the group of c oop­
erating screw dislocations is due to the situation, where a large nu m ­
ber of screw d i s 1ocations are ending on a crystal face. Th i s is al so con- 
firmed by the investigations of the dislocation structure of potash alum 
by Lang topography [23-26] and by etchpit studies on the surfaces of 
the {111} faces of the crystals 25, 26, 27 and 28.
To explain the abrupt changes in the linear growth rate, 1ike the 
ones, which have been described in part 3.4., when it is assumed as 
above, that large numbers of screw dislocations are ending on the {111} 
faces, it must be assumed, that either the number of screw dislocations 
of the dominating group of cooperating spirals changes, or that another 
group of cooperating spirals, with another number of screw dislocations 
becomes dominating. This type of changes in the dislocation structure 
can originate from the formation of liquid inclusions, resulting from 
small accidents during the growth process. As shown by van Enckevort 
et al. [26] liquid inclusions can create or annihilate bundles of screw 
dislocations. It is almost impossible to verify this assumption, be- 
cause of the complex dislocation structure in the growth sectors of 
the {111} faces of potash alum. From the argument given above it is 
clear, that these changes in the linear growth rate must be expected 
to occur by accident. This aspect of the changes in the linear growth 
rate is clearly demonstrated in figure 7, thus giving a weak support 
for the correctness of the assumption given above. The magnitude of 
the fluctuations leads to the additional expectation, that only a few 
groups of cooperating spi ral S'domi nate the growth of the {111} faces,
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although, as mentioned above, a large number of screw dislocations end 
on the surface.
4.5- The influence of volume diffusion
From the models in the present theories on mass transfer in the 
solution, it follows, that the resistence to mass transfer is confined 
within a boundary layer 6^, in which mass transfer is entirely control- 
led by molecular diffusion. Outside the boundary layer the fluid is 
regarded as completely mixed and of uniform concentration c^, expressed 
in mass fractions. Within the boundary layer there exists a concentra- 
tion gradiënt: The concentration changes from c^ in the bulk of the s o ­
lution, to c., somewhat lower than c^, just above the interface between 
crystal and solution. When the convective flux cannot be ignored and 
upon applying film theory to mass transfer, for the linear growth rate 
R the following equation can be obtained [37]:
D p c , -  c .
R =  v _ s ( b----- L) ( 4 1 0 )
ób pc 1 ' C i
where D is the volume diffusion coëfficiënt, p the density of the 
v s '
solution and the density of the crystal. The thickness 6^ of the 
boundary layer is inversely proportional to the relative velocity of 
the solution along the crystal to the power n, where n has a value in 
between 1.0 and 0.0. The proportionality constant as wel 1 as the value 
of the power n are not very wel 1 known and may vary from one textbook 
on boundary layer theory to another. However, from equation (4.10) and 
the dependence of 6^ on the relative velocity between crystal and solu­
tion, it is clear, that according to the conventional theories a contin- 
uous increasing linear growth rate must be expected, upon increasing
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The anomalous behaviour of the linear growth rate of crystal 31, 
with respect to the relative velocity of the solution along the c r y s ­
tal, which can be observed from figure 9, cannot be explained within 
the framework of the existing theories. However, the pronounced in- 
crease of the linear growth rate, with increasing relative velocity
between crystal and solution and the slow decrease after the maximum
-2
in the linear growth rate at 8.10 m/s, can be reasonably explained, 
when it is assumed, that in addition to the "diffusional" boundary 
layer, with a lower concentration of growth units, there exist next to 
the crystal an "adsorption" layer, which has a higher concentration of 
growth units and in which the growth units are more or less ordered. 
With this type of concentration profile around a crystal, it can be 
imagined, that when the relative velocity between the crystal and 
solution is increased, first the linear growth rate will increase, due 
to a reduction of the diffusional boundary layer and than the linear 
growth rate will decrease as a result of a decrease in the ordering of 
the growth units in the adsorption layer, when the diffusional boundary 
layer has almost vanished. Evidence for the existence of an adsorption 
layer of this type around a crystal has been given by Miers [37], who 
found a considerable larger value of the refractive index for the s olu­
tion next to the crystal, than for the bulk of the solution of potash 
alum in water. More evidence for the existence of an adsorption layer 
around a growing crystal in a stagnant solution, in which the growth 
units are supposed to be partially ordered, is given by Domokos et al. 
[38], using a phase contrast technique. Quantitative evaluations of the 
thickness of the diffusional boundary layer, based on the relations 
given in a number of text books [33— 35] and of the adsorption layer,
relative velocity of the solution along the crystal.
129
based on the assumption of the presence of an electrical double layer, 
do not give satisfactory results. The maximum in the curVe of the linear 
growth rate versus the relative velocity of the solution along the 
crystal in figure 9, occurs at a relative velocity between crystal and 
solution, where the current of solution changes from laminar to turbu­
lent and the Reynolds number of the current of solution is related to 
the dimensions of the cell at the central part, where the crystal is 
m o u n t e d .
The result of figure 9 must be considered with some restriction, 
because figure 9 is constructed from interpolated and extrapolated 
values of the linear growth rate, obtained from those BCF curves, which 
are best fitting to the experimental points. So, in view of the d i s ­
persion in the linear growth rate, it is not sure, whether this result 
demonstrates a real physical phenomenon, or whether this result is o b ­
tained by accident. To reach a final conclusion on this subject it 
would be necessary to perform some more experiments. Yet, from the re­
sults presented in the figures 8 and 9, it seems reasonable to assume, 
that volume diffusion during the experiments of this investigation did 
not play an essential role. Finally it can be remarked, that volume 
diffusion is not likely to give a reasonable explanation for the d i s ­
persion in the linear growth rate. Nevertheless it should be realized, 
that most of the experiments have been carried out in the regime, where 
presumably turbulent flow affects the diffusional boundary layer. So, 
it cannot be excluded completely, that long term structural changes in 
this boundary occur and influence the crystal growth rate.
b .6. Final remarks and conclusions
The most important conclusion, which can be drawn from the e s t a b ­
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lishment of the existence of dispersion in the linear growth rate of 
the {111} faces of potash alum, when growing from an aqueous solu­
tion is, that there exists no unambiguous relation between the linear 
growth rate and the relative supersaturation. This implies, that be- 
sides the relative supersaturation, the linear growth rate is deter- 
mined by at least one other almost equal important variable. Although 
it follows from the argument given in section 4.4.1., that this variable 
most probably must be related to the dislocation structure in the 
growth sectors of the {111} faces, it is not perfectly clear whether 
for this variable the number of screw dislocations, the screw disloca­
tion density or some other function, related to the dislocation struc­
ture and in which strain is taken into conside rat io n , must be taken.
However, it is clear, that as long as there exists dispersion in 
the linear growth rate, it is impossible to distinguish between a spi­
ral growth mechanism and a two-dimensional nucleation mechanism fróm 
this type of experiments. It is also not very useful , in order to ob- 
tain estimations for the variables and C or A and B, to fit a BCF 
curve according to equation (1.1) or a B & S curve according to e q u a ­
tion (1.5) to the experimental points by means of a least square method, 
because not all experimental points necessarily belong to the same 
curve.
To check the validity of the existing crystal growth theories 
quanti tati vely, when there exists dispersion in the linear growth rate, 
it would be necessary to observe the surface patterns on the crystals 
"in situ" and in such a way, that the single steps can be observed and 
thei r height can be measured. Moreover, it would be necessary to inves- 
tigate more thoroughly the nature and influence on the linear growth 
rate, of the variable, which together with the relative supersaturation
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CHAPTER V:
ON DISPERSION IN THE GROWTH RATES OF THE 
DIFFERENT FACES OF POTASH A LUM CRYSTALS
Part II : Surface topography as a tooi for
interpretation of the growth mech- 
anism of the {110} faces
W.J.P. van Enckevort and H.J. Human and W.H. van der Linden
RIM Laboratory of Solid State Chemistry,
Faculty of Science, Catholic University,
Toernooi vel d , Nijmegen, The Netherlands
ABSTRACT
In situ observations of the growth process of the {110} faces of 
potash alum crystals as well as growth sector boundary patterns stud- 
ied by means o f  stress bi refringence microscopy revealed a large dis- 
persion in the growth rate of these faces. A posteriori surface topog­
raphy with the aid of optical differential interference contrast and 
phase contrast microscopy showed that crystal growth of these faces 
proceeds via very low 10 - 20A) steps, which can bunch to higher 
o n e s . As step sources may function: (i) Elliptical growth hillocks re­
lated to dislocation outcrops (i .e. growth spirals) and (ii) two-dimen­
sional nuclei, always occurring at the edges of the {110} faces. Appli­
cation of Lang-topogijaphy demons t r a t e d , that growth sectors related to 
fast growing {110} flces show a much higher dislocation density, than 
those corresponding to sljjwer^ growing {110} faces. From these charac- 
terization studies o f  the dodecahedral faces the observed growth dis- 
persion was interpreted in terms af an appearance and di sappearance of 
dislocation outcrops at the {110} faces leading to spirals or two-di­
mensional nucleation growth respectively. Also a not yet understood 
mechanism, not related to dislo c a t i o n s , which can completely inhibit 
crystal growth for some time, may play an essential role in the growth 
dispersion of these faces.
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ln a previous paper [1] (referred to as part I in the following) 
in which highly accurate measurements of the growth kinetics of the 
{111} faces of potash alum crystals were presented, a considerable var- 
iation in growth rate, both for one single face throughout a run and 
for different faces of the same or different crystals was reported. Des- 
pite this variation it was still possible to measure growth rate, R, 
versus supersaturation, a, curves, although these differed for each in- 
dividual octahedral face. Attempts to measure R-cr curves for the {110} 
faces occurring between two {111} faces of the o c t a h e d r o n - 1ike shaped 
crystals (see figure 1), in the same manner as described in part I, com- 
pletely failed because of an extremely large dispersion in the growth 
rate of these dodecahedral faces. Since it was impossible to obtain in-
1, INTRODUCTI ON
Fig. 1. Morphology o f  aqueous so lu tion  grown potash alum c ry s ta ls , 
bounded by {111}, {101} and {001} faces.
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terpretable information from - in situ - growth measurements it is 
necessary to apply - a posteriory - characterization methods, such as 
surface microtopography and X-ray diffraction topography to understand 
the growth characteristics of the {110} faces.
Surface microtopography with the aid of optical reflection differ­
ential interference or phase contrast microscopy is a powerful tooi to 
get a better understanding of the growth behaviour of gas phase [2,3] 
and liquid phase [3,4] grown crystals. Recently it was shown that this 
observation method, which is capable to reveal growth steps as low as 
2.3A [5,6], can also be applied to aqueous solution grown crystals, 
such as KC1 [7 ], potash alum [8,9], NiSO^-óh^O [9,10] and potassium 
hydrogen phtalate [11]. For these crystals it was demonstrated that 
crystal growth generally proceeds via a spiral growth mechanism involv­
ing very low (generally unit lattice height) steps. In these works it 
was directly prooved for the first time, that the atomistic layer m o d ­
els for crystal growth, developped by Stranski and Kossel [12] are a p ­
pl icable to aqueous solution grown crystals. In addition several prop- 
erties of the step patterns, such as interlacing, asymmetry, step ac- 
celleration in reentrant corners and bunching were described.
In contrast to surface microtopography, X-ray diffraction topog­
raphy is a well known and frequently used method for characterizing 
aqueous solution grown crystals [13,14,15]. Especiaiiy the relation b e ­
tween dislocation structure and growth rate of the crystal faces has 
been studied by several investigators in order to get evidence for the 
occurrence of spiral growth for this catagory of crystals. For instance 
Mussard and Goldstaub [16] observed that for NaClO^ crystals, faces to 
which screw dislocations end perpendicularly grow faster, than those 
without screw dislocation outcrops. Further work on NaClOj by Matsunaka
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et al. [17] h o w e v e r , pointed out that for higher supersaturations the 
screw dislocation outcrops at the {100} surfaces are not necessarely 
the growth centres. Other work in this field was carried out by Gits- 
Leon et al. [18] for potash alum and by van Enckevort et al. for the 
{101} faces of KDP. Both were able to establish a clear correlation 
between the dislocation structure and the growth rates of the crystal 
f a c e s .
The aim of the present paper is to get a deeper insight in the 
causes of the observed dispersion in the growth rate of the dodecahedral 
faces of potash alum. The main tooi to tackle this problem is surface 
microtopography by means of optical differential interference or phase 
contract microscopy. These observations are completed by X-ray diffrac- 
tion topography (Lang method [20]) in order to relate the internal d is­
location structure to the growth rates of the {110} crystal faces.
2. EXPERIMENTAL
2.1. In situ observations
The growth of the dodecahedral alum faces was studied in situ by 
means of a microscope placed over a flowsystem, in which crystal growth 
takes place under extremely well defined conditions. Throughout one 
single growth run the temperature of the supersaturated solution was 
kept constant within 0.03°C. The growth history of a given {110} face 
was registrated by means of time lapse photography by way of the o p t i ­
cal microscope, using transmission bright field i1 lumination. The crys 
tal was oriented in such a way that the normals of the {110} face and 
of the two adjacent {111} faces in question are oriented perpendicularly
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to the optical axis of the microscope. A detailed description of re- 
cording the growth process of crystals growing in 3 flowsystem has been 
given in part I.
2.2. Stress birefringence microscopy
In order to study the sector boundaries between adjacent {110} and 
{111} growth sectors, which are fossiles of the history of the relative 
growth rates [18,19,21] of the dodecahedral and octahedral faces, 
the stress birefringence method [22,23,24] was used. The specimen 
plates for this polarization microscopie method were cut parallel to 
{110} as shown in fig. 2a. Then these plates were carefully polished 
and placed in immersion o i 1 between a thouroughly cleaned microscope 
slide and a cover glas. After this preparation the specimens were pho-
Fig. 2. (a) Cutting plan o f  alum cry s ta ls  fo r  characteriza tion  o f  
the in te m a l s tru c tu re . The (110) s l ic e s  are used fo r  s tr e s s  b ire ­
fringence microscopy, the (001) s l ic e s ,  containing one large and one 
adjacent non-developed {110} face fo r  Lang topography. (b) Cutting  
plan o f  an alum c ry s ta l to  be used fo r  surface microtopography: Two 
dodecahedral edges are cu t o f f  in  order to  obtain large {110} surface 
areas ■
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tographed via a high quality poiarization microscope at low magnifica- 
tions, using high contrast photographic emulsions. A detailed descrip- 
tion of the application of the stress birefringence method to potash 
alum crystals is given in an other paper [24],
2.3- Surface microtopography
2.3•1• Spea-Lmen preparation
The main problem for the application of - a posteriori - highly 
sensitive surface microtopographic observation techniques to aqueous 
solution grown crystals is, that the surface patterns may be ruined 
during the separation of the crystal from the supersaturated solution 
at the end of the growth experiment (the so-called shut off effect) 
[8,9,251. To overcome this difficulty a crystal growth vessel especial- 
ly constructed to minimize this shut off effect was used. The essen- 
tial point of this vessel, which has been described extensively in pre- 
vious work [8], is, that the supersaturated solution in which the c r y s ­
tal grows is covered by a layer of n-hexane of a few centimeters in 
thickness. During separation of the crystal from the solution at the 
end of the growth experiment, the crystal was passed through the 
n-hexane layer, which replaces the adhering aqueous solution film on 
its surface to a great extent. Then the crystal was dipped for a few 
seconds into n-hexane having the same temperature as the solution and 
after this the adhering hexane was finally soaked up with a paper t i s ­
sue. By this separation procedure it was prevented, that due to evapora- 
tion or cooling down of the adhering solution artifacts were created on 
the crystal surfaces by a sudden final increase in growth rate. In this 
way very clean areas on the crystal surface, suitable for detailed ob-
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servation of very low steps or inelinations, can be obtained.
In the present case, specimen preparation was carried out as fol- 
lows: In order to obtain a large {110} surface area, from a good quality 
ocathedral potash alum crystal (about 4 cm in size; grown by Standard 
methods [26,27]) one or two of the dodecahedral edges were cut off by 
means of a metal wire saw as shown in fig. 2b. After this the crystal, 
mounted on a plastic rod, was placed in the earlier mentioned vessel, 
where it was al lowed to grow for a time sufficiënt long to overgrow 
both surface defects and the misorientation of the surface with respect 
to the exact {110} plane due to non-exact cutting. The temperature of 
the solution was kept constant within a range of 0.1°C at about 2k°C, 
the supersaturation being 1% or less. Then the crystal, now bounded by 
a perfect {110} plane, was carefully separated from the supersaturated 
solution, according to the previously given procedure to minimize the 
shut off effect.
Observation of the dodecahedral faces was carried out within a few 
hours after separation of the crystal from the solution, since the su r ­
faces are easily affected by too dry or too moisty air [8].
2.3-2. Obaervab-ion methods
To observe the crystal surfaces, of optical reflection differential 
interference contrast (after Nomarski [28]) and phase contrast microsco- 
py were used, combined with high contrast photographic emulsion (ortho- 
chromatic documentary film).
Differential interference contrast microscopy was mainly applied 
to obtain general views of surface features and to reveal very low in- 
clinations.
On the other hand for observation of extremely low step heights,
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use was made of the phase contrast microscopy, fitted with a high ab- 
sorption phase plate (95% instead of the commonly used 6 0% absorption). 
Using such a high absorption phase plate and high contrast film, phase 
contrast microscopy is capable to reveal step heights as low as 2A.
Detai led treatises on the characteri zat ion of crystal surfaces by 
optical microscopy are given by Komatsu [28] and Sunagawa [26].
2.4. X-ray diffraction topography
In order to study the correlation between the growth rate of a 
{110} face and the dislocation structure in the corresponding {110} 
growth sector, good quality octahedral crystals, with one large, wel 1 
developed (thus slow growing) (110) face and one non-developed (thus 
fast growing) adjacent (110) or (110) face were selected. From each 
crystal a plate (about 1.5 mm in thickness) parallel to (001), contain- 
ing both in size differing dodecahedral faces, was cut according to the 
cutting plan given in fig. 2a. In order to prevent interference of s u r ­
face defects with the X-ray topographic image, these plates were s l i g h t ­
ly polished using a wetted cloth and etched in deionized water.
All topographs of the specimen plates were taken by the Lang meth- 
od [20], using AgKa^ (\ = 0.5594A) radiation and X-ray film Structurix 
D7 and D4 (Agfa g e v a e r t ) . For all the (001) plates the strong reflec- 
tions (220) and (220) were used.
3. OBSERVATIONS AND DISCUSSIONS
3.1. In situ observations
As was pointed out in the introductory part, a quantitative mea-
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surement of the growth rate of {110} potash alum in dependence on the 
supersaturation is impossible, because of a large dispersion in the 
growth rate. This variation in the growth rate throughout a growth run 
is convincingly demonstrated by - in situ - time lapse photography of a 
growing dodecahedral face as shown in fig. 3. In figure 3a no (110) 
face can be observed between the two adjacent {111} faces. This means 
that the growth rate of the dodecahedral face, , equals or ex-
ceeds 1/2 /6 times the growth rates of the two neighbouring octahedral 
faces, Then often suddenly a (110) face becomes visible (fig. 3b)
indicating that < 1/2 /6. which again vanishes after a
while (fig. 3c) showing that > 1/2 / 6 . R ^ ^ .  This appearance
and disappearance of {110} faces is a quite commonly occurring phenome- 
n o n . On some high quality (without inclusions, veils or cracks and with 
a low dislocation density) crystals some of the {110} faces were pe r ­
sistent and could grow to considerable dimensions.
The variation in s i ze of the (110) faces during crystal growth is 
practically completely due to variations in growth rate of these (110) 
faces and not of the {111} faces. This will be demonstrated with the 
aid of the stress birefringence method in the next section.
3.2. Stress birefringence microscopy
Fig. 4 presents a polarization micrograph of a (110) slice pho- 
tographed between crossed polarizers. Clearly three growth sectors can 
be recognized: Two {111} growth sectors and between them a (110) sector. 
The difference in intens ity for each sector on the stress birefringence 
micrographs is caused by a difference in deviation from the ideal cubid 
symmetry, leading to differing amounts of birefringence for the three 
growth sector areas. The s a w t o o t h - 1ike pattern of the boundaries be-
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bFig. 3. In  s i tu  observation o f  the d ispersion in  growth rate o f  a 
{110} faoe . (a) t  -  0.0 m in., (b) t  = 180.0 m in., (o) t  = 420.0 min.
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c m )  |
Fig. 4. S tre ss  birefringence micrograph showing irreg u la rly  shaped 
sec to r  boundaries between the (110) and the (111) and ( l i l )  growth 
sec to rs . The growth sec tor o f  a face (hkl) i s  the region w ithin a crys­
ta l ,  which was formed during growth, when the c ry s ta l was boimded by 
the face (hkl) . P denotes the o rien ta tion  o f  the p o la rizeri the analyser 
i s  o r ien ta ted  perpendicular to  th is  d irea tion .
tween the (110) and the {111} sectors points to an extremely large var- 
iation in growth rate of the (110) face as was discussed in detail in 
previous work [24]. ln this paper it was shown that the ratio of the 
growth rates of the {110} and {111} faces could vary from 0 to 4.2. at 
several "pseudo-discrete" levels. The s a w t o o t h - 1 ike (110) growth se c ­
tors are symmetrica] with respect to the [110] direction (or better: to 
the (001) piane). Since the growth rates of the two adjacent (111) and
(111) faces are not related to each other, it can be concluded from 
this symmetry, that the observed variation in ^ (i Jq ) ^ ^ (111) ’ m e n t 'onec*
Fig. 5. D iffe re n tia l in terferenoe con trast micrographs o f  growth 
h illo cks  on {110} potash alum: (a) General view. (b) D etailed view.
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in the preceding section is almost compietely due to changes in growth 
rate of the (110) faces. Moreover, in part I it has been shown by in 
situ observations in a flowsystem, that during an experiment the growth 
rate of the {111} faces is almost constant. Hence, the growth dispersion 
of the dodecahedral faces, deduced from in situ observations, is con- 
firmed by the analysis of growth sector boundaries, observed by stress 
bi ref ri ngence microscopy. A similar use of sector boundaries to unravel 
the history of the relative growth rates of adjacent faces was made by 
Gits-Leon et al. for potash alum [18], by van Enckevort et al. [19] and 
B. Dam et al. [21] for KDP and most beautifully by Lang for natural 
diamond [29].
3.3• Surface microtopography
3.3.1. General fea tures
Figure 5a i s a differential interference contrast micrograph, 
giving a general view of a typical growth hillock pattern on the {110} 
faces of potash alum. From this photograph, as wel 1 as, from the high 
magni fication interference contrast micrograph presented in figure 5b, 
it is clear that the hillocks, which have an inclination of the order of 
one or a few tenths of a degree, are highly asymmetrie in shape. W i t h ­
out any exception these elevations show an elliptical growth form, for 
which the ratio between length and width amounts to about 5-5. With 
respect to the external crystal morphology, the elongated hillocks are 
oriented in such a way, that their longitudinal directions are pa r a l ­
lel to <110> as presented s c h e m a t i c a l 1y in figure 6. In the following 
section it will be shown, that these hillocks consist of concentric 
elliptical step trains originating from their centres. So it can now be
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Fig. 6, Sahematio representa tion  o f  a l l  the growth phenomena 
ooaurring on {110} potash alum, v iz . sp ira l growth, m anifesting  as 
growth h illo c k s  (gh) and two-dimensional nuoleation s ta r tin g  from 
the edges o f  the fa ee , in  re la tio n  to the ex te m a l morphology o f  the  
cry s ta l.
concluded, that the advancement rate of steps parallel to <110> is about 
5-5 times lower than for steps parallel to the perpendicular orientation 
<001  > .
From a periodic bond chain (PBC) analysis [30] of several alums, 
carried out by Hartman [31], it was found, that {110} potash alum is 
a F-face consisting of the two PBC's <1 1 0> and <001>. Si nee according 
to the morphological PBC theory on a F-face steps run parallel to the
148
period bond chain direction [30], it is to be expected. that the step 
orientations on {110} alum are parallel to the two directions < T 10> 
and <001>. Since the core of the PBC <Ï10> consists of a direct chain
Al^+ - Sojj - Al^+ - Sojj - Al^+ and the core of the PBC <001 > is
3+ 2- + 2- 3+ 
made up of a Al .- SO^ - K - SO^ - Al chain, containing the weak-
+  2 -
er K - SO^ interactions, it can be concluded, that the PBC <110> is 
stronger than the PBC <001>. Now assuming that steps parallel to the 
strongest PBC direction have the lowest advancement rate, because of a 
lower kink density, it can be concluded, that the hillocks should have 
a rectangular shape with the longitudinal direction parel lel to <110>.
The observed shape of the elliptical growth hillocks is in agree- 
ment with the theoretically deduced rectangular form to such an extent, 
that the advancement velocity of the <110> steps is much lower, than of 
the <001 > steps. However, "polygonized" steps parallel to <001> have 
never been observed; probably the PBC <001 > is too weak to form more 
or less straight steps, as a result of an extreme amount of step rough­
ening. Other phenomena, which may contribute to this rounding off of 
the growth hillocks may be - volume diffusion and a lower anisotropy 
of surface diffusion [32] and step integration kinetics than of the 
edge energy [32].
3.3.2. D etailed observations w ith the a id  o f  highty s e n s it iv e  phase 
ocntrast microscopy
Application of phase contrast -microscopy, which is more sensitive 
than differential interference contrast microscopy, reveals numerous 
steps on the {110} faces, as can be seen in figure 7- The height of the 
steps (estimated from the contrast: 50 - 500A) is not extremely low, so 
probably these steps are formed due to a bunching of lower steps. The
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Fig. 7. Step tra in  an {110} potash alum oonsisting  o f  somewhat 
higher steps p a ra lle l to  [110] (phase contrast miorograph).
observation of such macrosteps, which are oriented parallel to the 
strongest PBC direction <110>, can be understood, if growth of {110} 
potash alum proceeds via a step flow mechanism. Also non-bunched steps 
with very low step heights, as shown in figure 8 were commonly observed. 
The height of these steps equals about 10 - 20A as was estimated by 
comparison of their contrasts on the phase contrast micrographs with 
that of steps of wel 1 known heights on {111} and {100} potash alum [8], 
Observation of very low steps on {110} alum is extremely difficult, 
even more than on the {001} and {111} faces, because of the high a n i ­
sotropy of the bonds within the growth layer of {110}. The {110} faces 
do not only contain the strong PBC's <110>, but also the weaker PBC's
<001>. Such anisotropy, due to the occurrence of some weak lateral 
bonds in the F-slice {110} leads to a lowering of the activation energy 
to form a two-dimensional nucleus, as was shown by Monte Carlo simula- 
tion [331- This strongly enhances nucleation growth (for example via 
birth and spread) at somewhat higher supe r s a t u r a t i o n s , which may occur 
for a short time during separation of the crystal from the solution.
At this last stage of the growth experiment, the 2D nucleation growth 
often strongly interferes with the original step pattern to such an ex- 
tent, that it is not longer visible by optical microscopy.
Careful examination of growth hillocks by phase contrast micros­
copy revealed numerous "concentric" elliptical step patterns (at least
Fig. 8. Very low step s  (step  height ^  10 -  20A) on {110} potash 
alum (phase con trast miorograph).
151
when the surface is not contaminated by nucleation during removal of 
the crystal out of the solution), as can be seen in figures 9 and 10.
The step heights of these hillocks are about 10 - 20A. A typical f e a ­
ture of many hillocks is the occurrence of a small hole at the centre, 
visible as a black dot - on all the phase contrast micrographs pre­
sented in this paper, dark areas have a lower level, than adjacent bright 
areas - in the figures 9 and 10. Probably these holes are formed due to 
an extremely slight dissolution resulting from the stress field of the 
dislocation outcrop at the centre of the hillock during removal of the 
crystal from the solution as was pointed out for {100} alum in previous
Fig. 9. High m agnification phase contrast micrograph o f  an e l l i p ­
t i c a l  growth h illo c k  revealing i t s  step  p a tte m .
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Fig. 10. D etailed view o f  an e l l i p t i c a l  growth h illo a k , revealing  
i t s  step  p a tte m . The black dot a t the centre ind ica tes the occurrence 
o f  a hole, probably caused by a s l ig h t  d isso lu tio n  around the stra ined  
d is lo ca tio n  outcrop area during separation o f  the c ry s ta l from the 
so lu tio n  (phase con trast micrograph).
work [8], From the presence of hollows at the centres of numerous growth 
hillocks (after more severe etching the hillocks turn into elongated 
etchpits), it can be conciuded, that these elevations are reiated to 
dislocation outcrops. The mutual relation between growth hillocks and 
dislocation outcrops is confirmed at the observation, that the hillocks 
often occur in extended rows, which can be interpreted by the occurrence 
of low angle grain boundary outcrops at the crystal surface. From the 
correspondence between growth hillocks and dislocation outcrops, it can 
be conciuded, that very probably these elevations are growth spirals.
During the present investigat ion spiral hillocks with different
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step height have been observed on {110} alum, which may be understood 
in terms of the occurrence of different types of dislocations ending on 
the {110} faces, having different screw components normal to the growth 
f a c e .
3 - 3 - 3 - Nucleation growth
ln cases, when no or a few growth hillocks were present at the 
dodecahedral faces, nearly always extended step trains originating from
Fig. 11. Step tra in  generated by two-dimensional nucleation s ta r tin g  
from the <110> edge o f  the dodecahedral face (phase con trast miaro- 
gvccph).
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Fig. 12. Step tra in  generated by two-dimensional nucleation s to r tin g  
from the <112> edge o f  the {110} faoe (phase contrast miorograph).
the edges of the {110} faces could be s e e n . Figure 11 shows such a 
parallel step train generated at the <110> intersection line of the 
{110} and {111} faces (see also figure 6). It can clearly be seen, that 
at further distances from the edge, height as well as the step separa- 
tion increases. This can be explained in terms of bunching of the very 
low steps formed at the <110> edges of the dodecahedral {110} face.
Also the <112> intersection line of the {110} and {111} faces (see f ig­
ure 6) quite commonly acts as a step source as shown in figure 12. In 
this case the step configuration is, due to the large anisotropy in 
step advancement rate on the dodecahedral faces, completely different 
from the step pattern generated at the <110> edges of the same face.
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The formation of steps at the edges of the {110} faces can be in- 
terpreted in terms of two-dimensional nucleation at the perifery of 
these crystal faces. Two possible explanations can be given for the - 
compared to the central region - enhanced formation of 2D nuclei at the 
edges of the {110} faces:
(i) The supersaturation of the solution is higher near the edges 
and corners of the crystal, when crystal growth is - at least to somer' 
extent - mass or heat transport limited [34]. A similar step genera- 
tion at edges and corners of a crystal face was observed by, among 
others: Bunn and Emmet [35] and by van Enckevort et al. on [101] KDP
[25].
(ii) For a given interface supersaturation the s i ze of a critical 
2D nucleus and so also the energy barrier for the formation of such a 
nucleus, may be smaller near the edge of the dodecahedral faces, than 
at the central region. Such a difference in energy of surface atoms, 
which may constitute a 2D nucleus, in dependence on the location (edge, 
corner or central region) on the crystal face, has been calculated for 
the {100} faces of the ionic NaCl lattice by Stransky [12] and by Piela 
and Andzelm [36]. In order to verify this possibility for {110} alum a 
detailed Madelung energy calculation has to be carried out.
When it is assumed, that in periods of low growth rates, growth is 
determined by 2D nucleation, the observed high step density on the {110} 
face is in contradiction with the arrest of growth, which can be deduced 
from the stress birefringence microtopograph in figure 4. This c o n t r a ­
diction in the relation between the growth rate and the observed s u r ­
face morphology will be discussed later on, at the end of section 3-4 
Finally it is to be mentioned, that the steps starting from the 
edges of the {110} faces are not steps coming from adjacent {111} faces,
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which after arrival at the <110> and <112> edges continue ön the {110} 
faces. If this indeed would be the case, it is to be expected, that the 
growth rate of the {110} faces, 110]-* 'S comP'e t e 'y determined by 
the growth rate of the adjacent {111} faces, This is apparently
not the case, because from the course of the sector boundaries between 
the {111} and the {110} sector, as given in the stress bi refringence 
microtopograph in figure 4, it can be deduced, that the ratio of i 10 } 
and ^  j can yary considerable and sometimes approaches zero.
3.4. X-ray diffraction topography
In order to verify the correlation between growth rate and dislo- 
cation outcrop density on the {110} faces, use was made of Lang topog­
raphy. Figures 13a and b present Lang topographs of the same {001} 
plate, with different diffraction vectors. This slice, which was cut 
according to the plan given in figure 2a, contains one well developed 
(thus slow growing) dodecahedral face, a, and one non-developed (thus 
fast growing) {110} face, b, as represented schemati cal 1 y in figure J3c. 
It c a n c l e a r l y  be seen that the number o f ^ d i s 1ocations in the sector, 
belonging to face a is small, approaching zero. This in contrast to the 
sector belonging to the non-developed faster growing {110} face b, where 
the dislocation density is high. From this observation, it can now be 
concluded, that a high dislocation outcrop density on a {110} face 
leads to an increased growth rate of such a face.
Combining the surface topographic observations and the results o b ­
tained by Lang topography the following explanation for the growth rate 
dispersion of the dodecahedral faces of potash alum can be given: When 
outcrops of dislocations, having a screw component perpendicular to the 
growth face, equivalent to one growth slice thickness or more, are pres-
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b(C)
[100] 1010]
Fig. 13. Relation between the growth ra te  o f  {110} potash alum and 
the d is lo ca tio n  d e n s ity :
(a) Lang topograph o f  an (001) s l i c e , w ith one large {110} face, as 
and one n on-v isib le  {110} face , b. g = (220).
(b) Lang topograph o f  the same s lia e  as in  (a) but now w ith g = (220).
(o) Sahematio i l lu s tr a t io n  o f  the (001) s l ic e  presented in  (a) and (b).
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ent on these faces, then tlïe growth rate is high due to a spi ral growth 
mechanism. The growth spirals manifest as elliptical growth hillocks.
The fast growth of a {110} face with active dislocation outcrops, leads 
to a decrease in size of this face, since its growth rate is higher than 
1/2 / 6 . R { 1 1 1 } - At a given moment, all the endpoints of dislocations, 
which may function as active centres of growth spirals, are "refracted" 
from the in size decreasing dodecahedral face to the adjacent octahe- 
dral faces, so that growth proceeds via two-dimensional nucleation 
starting from the edges. This nucleation growth leads to an enormous 
decrease in growth rate and thus to an increase in size of the {110} 
face, which again may lead to a "capture" of screw dislocation e n d ­
points from adjacent {111} faces, resulting in renewed fast spi ral 
growth. Also a "spontaneous" formation of dislocations, in a {110} sec­
tor corresponding to a slowly growing face, may result in a sudden in- 
creasé in growth rate of this face.
So the dispersion in growth rate can be understood in terms of an 
appearance and disappearance of - screw - dislocation outcrops at the 
{110} faces, leading to respectively spiral or two-dimensional nuclea­
tion growth. A similar explanation for the growth rate dispersion of 
crystal faces was given earlier by Gits-Leon et al. for {001} potash 
alum [18] and by Chernov et al. for {101} ADP [37]-
It is to be noted, however, that the sudden arrest of growth of a 
{110} face, after a period of fast growth, which can be deduced from 
the stress birefringence micrographs, can not be attributed to a "re- 
fraction" of an active dislocation outcrop from the {110} face to an 
adjacent {111} or {100} face. If this was the case, after refraction 
in the adjacent {111} or {100} growth sector, the dislocation 1ine 
should run parallel to the {110} face. Such dislocation 1 ine orienta-
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tions have never been observed, neither during the present investiga- 
tion, nor in iiterature [18,24]. From this it can be conciuded that 
aside from the above mentioned dislocation mechanism, also another m e c h ­
anism, which can give at "unpredictable" moments a more or less complete 
arrest of growth plays an essential role in the growth dispersion of 
{110} alum. A similar sudden arrest in crystal growth, not related to 
the dislocation structure was also observed for {001} faces of potash 
alum, which properties will be described extensively in a subsequent 
paper, part III [38].
Finally it is to be mentioned, that in addition to the long time 
variations in growth rate, often also short time fluctuations in the 
relative growth rate of the {110} faces could be observed with the aid 
of polarization microscopy. A similar fine structure in the growth rate 
dispersion was deduced from sector boundary profiles for {101} KDP [21], 
however in the present case no conclusive explanation can be given for 
this phenomenon.
k. CONCLUSI ONS
From in situ observations and detailed a posteriori characteriza- 
tion by means of transmission polarization, reflection differential in- 
terference and phase contrast microscopy and Lang topography of the 
growth characteristics of the dodecahedral faces of potash alum the fol- 
lowing can be conciuded:
(i) The growth rate of the {110} potash alum faces shows a high 
dispersion. This variation in growth rate even occurs throughout one 
growth experiment - during which the supersaturation was kept constant -
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for one single face!
(ii) Growth of the {110} faces proceeds via a step flow model, in­
volving low steps with a height of roughly 10 - 20A. These low steps 
can "bunch" to macrosteps, having a height of a few hundred Angströms. 
The growth steps generally run parallel to the PBC-direetions <110>.
(iii) As step sources may function:
(a) Dislocation outcrops, resulting in spiral growth, which leads to 
the formation of elliptical spiral hillocks with very low inelinations. 
In several cases an asymmetrie step pattern (step height ^  10 - 20A) 
was observed in relation to these hillocks.
(b) When no or a few growth hillocks are present: the edges of the 
{110} faces. In this case growth is governed by 2D nucleation, start- 
ing from the edges.
(iv) Dodecahedral faces with high dislocation outcrop densities 
grow faster than faces with very low (approaching zero) dislocation 
densities. The observed dispersion in growth rate of the dodecahedral 
faces can not be explained by an appearance and disappearance of dislo­
cation outcrops at the crystal surfaces alone. Since, in general approx- 
imately equal step densities are observed on the {110} faces, like on 
the {100} faces [38], it can be concluded, that due to an as yet un- 
known mechanism steps are retarded or even become immobile. This h a p ­
pens more easily, when the number of screw dislocations terminating on
a crystal face is small.
ACKNOWLEDGEMENTS
The authors wish to thank Ing. H.J. Böshaar for his assitence in 
making the Lang topographs and Prof. P. Bennema for stimulating dis- 
cussions and critical reading of the manuscript.
161
One of us (W.J.P. van Enckevort) acknowledges the support of the
Netherlands Foundation for Pure Research, ZWO/SON.
REFERENCES
[1] H.J. Human, J. Crystal Growth to be published.
[2] S. Amelinckx and G. Strumane in: Silicon Carbide: A High T e m p e r a ­
ture Semiconductor, Proc. Conf. of Silicon Carbide, Boston, 1959, 
Eds. J.R. 0'Connor and J. S m i 1tens (Pergamon, 1960) pp. 162-201.
[3] I. Sunagawa, J. Cryst. Growth kS_ (1978) 3-
[4] E. Bauser and K.S. Löchner, to be published.
[5 ] !• Sunagawa, Am. Mineral. 46_ (1961) 1216.
[6] I. Sunagawa, in: Crystal Growth and Characterizat ion, Proc.
ISSCG-2 Spring School, Japan, 1974, Eds. R. Ueda and J.B. Mullin 
(North-Holland, Amsterdam, 1975) p. 347-
[7] I. Sunagawa and K. Tsukamoto, J. Crystal Growth 15 (1972) 73.
[8] W.J.P. van Enckevort, P. Bennema and W.H. van der Linden, Z. Phys. 
Chemie J_24 (1981) 171 ■
[9] P. Bennema, J.P. van der Eerden, W.J.P. van Enckevort, B. van der 
Hoek and K. Tsukamoto, Phys. Status Solidi (a) 55_ (1979) 40 3-
[10] W.J.P. van Enckevort and H. Klapper, J. Crystal Growth, to be 
pub 1i s h e d .
[11] W.J.P. van Enckevort and L. Jetten, J. Crystal Growth, to be 
publi s h e d .
162
[12] See for instance: B. Honigmann, G1eichgewichts- und Wachstumformen 
von Kristallen, in: Fortschritte der physikalischen Chemie, Band 4, 
Ed. W. Jost (Dr. Dietrich Steinkopf Verlag, Darmstadt, 1958).
[13] V.G. Lutsau, Ju.M. Fishman and I.S. Res, Kristall Tech. £  (1970)
445.
[14] N. Kato, J. Crystal Growth 3/4 (1968) 683.
[15] H. Klapper, Z. Naturforsch. 28a (1973) 614.
[16] F. Mussard and S. Goldstraub, J. Crystal Growth 13/14 (1972) 445-
[17] M. Matsunaka, M Kitamura and I . Sunagawa, J. Crystal Growth 4_8
(1980) 425.
[18] S. Gits-Leon, F. Lefaucheux and M.C. R o b e r t , J. Crystal Growth 44^
(1978) 659
[19] W.J.P. van Enckevort, R. Janssen- van Rosmalen, H. Klapper and 
W.H. van der Linden, J. Crystal Growth to be published.
[20] A.R. Lang, Acta Cryst. J_2 (1959) 249.
[21] B. Dam and W.J.P. van Enckevort, J. Crystal Growth 5J_ (1981) 607■
[22] A.R. Lang, Nature 2J_3 (1967) 248.
[23] B.K. Tanner, Phys. Stat. Sol. (a) 14 (1972) k9.
163
[24] W.J.P. van Enckevort and J.G.M. Odekerken, Phyl . Mag. to be pu- 
bl ished.
[25] W.J.P. van' Enckevort, R. Janssen- van Rosmalen and W.H. van der 
Linden, J. Crystal Growth kS_ (1980) 502.
[26] W.J.P. van Enckevort and W.H. van der Linden, J. Crystal Growth kj.
(1979) 196.
[27] P. Bennema, Thesis, Tech. Univ. Delft (1965)-
[28] See for instance: H. Komatsu in: Crystal Growth and Cha racte ri za- 
tion, Proc. ISSCG-2 Spring School, Japan, 1974, Eds. R. Ueda and 
J.B. Muil in (North-Holland, Amsterdam, 1975) p. 347-
[29] A.R. Lang in: Properties of Diamond, E d . J. Field (Academic press, 
1979) p. 425-
[30] P. Hartman in: Crystal Growth: An i nt roduct i o n , E d . P. Hartman 
(North-Hol1 a n d , Amsterdam, 1973) p.p. 358-402.
[31] P. Hartman in: Growth of Crystals, vol. 7, Ed. N.N. Sheftal (Cons. 
Bureau, New York, 1969) p. 53-
[32] H. Müller-Krumbhaar, T.W. Burkhardt and D.M. Krol 1, J. Crystal 
Growth 38 (1977) 13-
[33] J.P. van der Eerden, C. van Leeuwen, P. Bennema, W.L. van der 
Kruk and B.P.Th. Veltman, J. Appl . Phys. hS_ (1977) 2124.
[34] A. Seeger, Phil. Mag. ser. 7, vol. 44 (1953) 1.
[35] C.W. Bunn and H. Emmet, Discuss. Faraday Soc. 5. (1949) 144.
[36] L. Piela and J. Andzelm, Surface Science 84 (1979) 179 -
164
[37]
[38]
A.A. Chernov, I.L. Smolski, V.F. Parvov, Yu.G. Kuznetsov and 
V.N. Rozhanski i , Sov. Phys. Dokl . 2M_ (1979) 760.
H.J. Human and W.J.P. van Enckevort, J. Crystal Growth, to be 
publi shed.
165

CHAPTER V I :
ON DISPERSION IN THE GROWTH RATES OF THE 
DIFFERENT FACES OF POTASH ALUM CRYSTALS
Pa rt I I I :  R e la tio n  between the growth 
rates o f the {100} faces and 
the d is lo c a t io n  structu re
H . J .  Human and W . J .P .  van Enckevort
RIM Laboratory o f So lid  S ta te  Chemistry,
Fa cu lty  o f Sc ien ce , C a th o lic  U n iv e rs ity ,
Toernooi v e ld , Nijmegen, The Netherlands
ABSTRACT
In th is  paper, the re su lts  w i l l  be presented of an in ve s t ig a t io n  
o f the re la t io n  between the v a r ia t io n  in the lin e a r  growth ra te  of the 
{100} faces o f potash alum and the changes in the d is lo ca t io n  s tru c tu re  
o f the growth se c to rs , belonging to these faces . F i r s t ly , ' the re su lts  
o f in s itu  observations o f the v a r ia t io n s  in the growth ra te  in a flow- 
system, w i l l  be combined w ith  a Lang topographic in ve s tig a tio n  o f the 
d is lo c a t io n  s tru c tu re  o f the measured c r y s ta ls .  Secondly, the re su lts  
o f an a p o s te r io r i observation  o f the su rfaces o f c r y s ta ls ,  grown under 
almost experim ental cond itions in a v e s se l, e s p e c ia lly  designed to  fa- 
c i l i t a t e  the sepa'ration o f the c ry s ta l from i ts mother liq u o r , w i l l  be 
combined w ith  a Lang topographic in ve s t ig a t io n  o f those c r y s ta ls .  The 
obtained re su lts  are a t le a s t in a number of cases not in agreement 
w ith  the spi ra l growth theory o f Burton, Frank and Cabrera and i t  w i l l  
be shown, that the v a r ia t io n  in the growth rate are not necessari ly  
re la ted  to changes in the d is lo c a t io n  s t ru c tu re . S im ila r  to the {110} 
fa ces , the conclusion can be drawn, tha t due to  an as yet unknown mech- 
anism, steps are retarded or even become immobiie.
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1. INTRODUCTI ON
The main in te re s t  o f in ve s tig a tio n s  concerning c ry s ta l growth from 
so lu tion  is the re la t io n  between the growth rate  o f a c ry s ta l face and 
the d r iv in g  fo rce , fo r which norm ally the r e la t iv e  supe rsa tu ra t ion is  
used. In general i t  is assumed, that there e x is ts  an unambiguous r e la ­
tion  between growth rate  and r e la t iv e  su p e rsa tu ra tio n , i . e .  i t  is sup- 
posed, that under id e n t ic a l experimental cond itions ( r e la t iv e  v e lo c it y  
between c ry s ta l and so lu t io n , actua l working temperature e t c . ) ,  the 
r e la t iv e  su persatu ra tion  is the on ly parameter determ ining the growth 
rate of a c ry s ta l face . However, in the past qu ite  a lo t o f experimen­
ta l evidence has been found, that th is  is not always the case and that 
at a fixed  r e la t iv e  su persatu ra tion  the value o f the growth ra te  can 
vary co n s id e rab le . This phenomenon has been cal led elsewhere (1) d is ­
persion in the growth ra te .
From in ve s tig a tio n s  o f the concen tration  p ro f ile s  around growing 
c ry s ta ls  in stagnant so lu tio n s  [2-5] i t  has been shown, th a t the concen­
tra t io n  d is t r ib u t io n  around a c ry s ta l is not uniform. Moreover, i t  has 
been observed, that the c ry s ta l face in contact w ith  the so lu tio n  w ith  
the highest con cen tra tion , was not n e ce ssa r ily  the one w ith  the h ighest 
growth ra te . These observations in d ic a te , tha t there e x is ts  no unambig­
uous re la t io n  between the growth rate  and the r e la t iv e  su p e rsa tu ra tio n .
Measurements o f the lin e a r  growth rate  as a function  o f the r e la ­
t iv e  supersaturat ion by various techniques [6-14] qu ite  o ften  re s u lt  in 
a considerab le  s c a t te r  in the po s itio n s  o f the experimental po ints in 
the p lo ts  o f lin e a r  growth rate  versus re la t iv e  su p e rsa tu ra tio n . Al- 
though, i t  is  not always c le a r ,  whether th is  s c a tte r  in growth rate  
should be com pletely a t tr ib u te d  to  " re a l v a r ia t io n s "  in the growth ra te ,
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th is  s c a tte r  in the p o s itio n s  of the experimental po ints again ind i-  
ca tes , that no unambiguous re la t io n  e x is ts  between growth rate  and r e l ­
a t iv e  su persa tu ra tion .
Another experim ental method, which is freq u en tly  app lied  in the 
world o f in d u s tr ia l c r y s ta 11iz a t io n , to  obtain  the re la t io n  between the 
growth ra te  o f a c ry s ta l and the re la t iv e  su persa tu ra tion  is  the deter- 
m ination o f the c ry s ta l s ize  d is tr ib u t io n s  (CSD) o f c r y s ta ls ,  growing 
in an ag ita ted  vesse l or a mixed suspension mixed product removal 
(MSMPR) c ry s ta l 1 iz e r ,  as a function  o f tim e. From th is  type o f e x p e r i­
ments, the growth ra tes o f the c ry s ta l be obtained by using McCabes AL 
law [15]- This law, which s ta te s , tha t growth o f geometrica 11y s im ila r  
c ry s ta ls  o f the same m a te r ia l, suspended in the same so lu tio n  proceeds 
w ith  the same lin e a r  growth ra te , is freq uen tly  v io la te d  [16-21]. This 
in d ic a te s , tha t e ith e r  there  e x is ts  no unambiguous re la t io n  between 
the lin e a r  growth ra te  and the r e la t iv e  su persa tu ra tion , or that the 
s o lu b i l i t y  o f the c r y s ta ls  is  s ize  dependent. Huch more d ire c t  evidence, 
from th is  type o f experim ents, fo r  the non-exi stence o f an one to one 
re la t io n  between the growth rate  and the r e la t iv e  su persa tu ra tion  was 
obtained by White e t a l .  [22] and Wright et a l .  [2 3 ], who observed a 
considerab le  broadening o f the c ry s ta l s ize  d is t r ib u t io n  during growth 
of a batch o f seed c r y s ta ls  o f a very  narrow s ieve  f r a c t io n .
From the large v a r ia t io n  in the d ire c tio n s  o f the growth secto rs 
boundaries between two faces o f d if fe re n t  type, which can sometimes be 
observed in s l ic e s  cut from c r y s ta ls ,  grown under almost constant ex­
perimental cond itions by means o f Lang topography, s tre ss  b ire fr in g en ce  
microscopy or e tch ing  methods [24-30] i t  can be deduced, tha t the growth 
rate  o f one c ry s ta l face  may vary considerab ly in comparison to the 
growth ra te  o f the ad jacent c ry s ta l faces. However, by means o f these
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techniques i t  is  in p r in c ip le  not possib le  to  g ive  absolute values o f 
the magnitude o f the v a r ia t io n s  in the growth ra te , because the d ir e c ­
tio n  o f a secto r boundary is  determined by the ra t io  o f the growth rate  
o f the two re le van t fa ces . N evertheless i t  is  qu ite  safe  to  conclude 
from these o b se rva t io n s , that there e x is ts  no unambiguous re la t io n  be­
tween the lin e a r  growth ra te  and the re la t iv e  su persa tu ra tion .
The aim o f the present in v e s t ig a t  ion is  to get a b e tte r  understand- 
ing o f the o r ig in s  of the observed d ispersion  in the growth ra tes o f the 
{100} faces of potash alum (KAL(SO^)^•12^0) c r y s ta ls .  Up to now on ly 
in a re s t r ic te d  number o f cases, the d ispersion  in the growth ra tes of 
c ry s ta l faces , growing under fixed  experimental cond itions have been 
in vestig a ted  system atica l 1y [32,33]- Despite the negative  re su lts  o f 
the attem pts in these in v e s t ig a t io n s  to  co rre la te  the d isp ers io n  in the 
growth rates w ith  the presence or absence o f a c t iv e  growth centres on 
a c ry s ta l fa ce , i t  was decided, to  t r y  to  co rre la te  the v a r ia t io n s  in 
growth rate  o f the {100} faces o f potash alum to changes in the d is lo ­
ca tio n  s tru c tu re  in the growth secto rs  belonging to  these faces . Rea- 
sons, why i t  was decided to  in v e s t ig a te  the {100} faces are the fo llo w ­
ing : In general the most obvious o r ig in  fo r  changes in the growth rate  
under fixed  experim ental cond ition s are changes in the d is lo c a t io n  
s tru c tu re  in the growth se c to r o f the c ry s ta l face under co n s id e ra tio n . 
Whenever, there e x is ts  a c o rre la t io n  between the changes in the d is lo ­
ca tio n  s tru c tu re  and the changes in the growth ra te , i t  is most l i k e ly ,  
tha t th is  can be observed most e a s i ly  in the growth sec to r o f the {100} 
fa ces , because in th is  se c to r the d is lo c a t io n  s tru c tu re  is  q u ite  simple 
[24 ,29 ].
In order to  in v e s t ig a te  the re la t io n  between the d ispers io n  in 
l in e a r  growth ra te  and the changes in d is lo ca t io n  s tru c tu re  o f the
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growth se c to r o f the {100} faces, a t f i r s t  sim u ltaneousiy the lin e a r  
growth rate  o f one {111} face  (sometimes two {111} faces ) and one {100} 
face has been measured at a re s t r ic te d  number o f r e la t iv e  supersatura- 
t io n s . From the in ve s tig a ted  c ry s ta ls  s l ic é s  are cut p a ra l le l to {110} 
by means o f a metal w ire  saw, in such a way, tha t the main part o f the 
growth se c to r belonging to the measured {100} face is  included. The 
d is lo c a t io n  s tru c tu re  w ith in  th is  s l ic e  is  in ve s tig a ted  by means of 
Lang topography. As the re su lts  of th is  part o f  the in ve s t ig a t io n  were 
q u ite  unexpected, i t  was decided a lso  to in ve s t ig a te  the su rface  mor­
phology o f the {100} fa ces , in re la t io n  to  the d is lo c a t io n  s tru c tu re  
observed by Lang topography and the trace  o f the secto r boundary, in ­
ves tig a ted  by means o f s tre ss  bi re f ringence m icroscopy. To al low fo r 
d e ta iled  su rface  m icrotopography, these c ry s ta ls  were grown under a l ­
most id e n t ic a l experim ental cond itions in a v e s se l, e s p e c ia lly  designed 
to f a c i l i t a t e  the removal o f the c ry s ta l from the so lu tio n  in order to 
minimize the so ca l led "shut o f f "  e f fe c t  as much as po ss ib le .
2. EXPERIMENTAL
2 . 1 .  Measurement of the linear growth rate
To study the growth rate  of {100} potash alum (KAL(SO^)^■12H^0) 
in dependence on time and r e la t iv e  su persa tu ra tion , the l in e a r  growth 
ra tes o f at le a s t one and sometimes two {111} faces and one {001} face 
were measured s im ultaneousIy fo r f iv e  c r y s ta ls .  As i t  is  assumed to be 
e sse n tia l fo r th is  part o f the in ve s tig a t io n , to measure the lin e a r  
growth rates under constant and reproducib le  experim ental cond ition s, 
fo r s u f f ic ië n t  long tim es, use was made o f the flowsystem , which was
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a lso  used fo r  the measurements o f the lin e a r  growth rates o f the {111} 
faces o f potash alum. This flowsystem , it s  advantages and imperfec- 
t io n s , the possib le  experim ental e r ro r s ,  the accuracy o f the measure­
ments, the p reparation  o f the so lu tio n  and the experimental procedure 
has been described elsewhere [1 ] .  As seed c r y s ta ls ,  {001} s l ic e s  cut 
from almost p e rfec t large  s in g le  c r y s ta ls ,  grown by a slow temperature 
decrease technique on a ro ta t in g  c ry s ta l tre e  in a two l i t r e  vessel , 
by a wetted metal w ire  saw were used. These c ry s ta l p la tes  were mounted 
onto the c ry s ta l ho lder, by means o f a contact cement on cyanoacry1ate 
base: Perm acal, In d u s tr ia l Contact cement type 301, in the way as shown 
in fig u re  2c o f part I [1 ].
2 .2 . Observation of the surface morphology
The specimen c ry s ta ls  fo r  the a p o s te r io r i su rface  m icrotopography, 
were grown under experim ental cond ition s comparable to the experim ental 
cond ition s in the flowsystem , in a vesse l described elsewhere [3 4 ].
This vessel is  e s p e c ia lly  designed fo r  easy removal o f the c ry s ta l from 
the so lu t io n , p r io r  to su rface  observation  in such a way, that secondary 
e f fe c ts  as lo ca l growth or e tch ing  o f the c ry s ta l su rface , is  dim inished 
as much as p o ss ib le . To the separation  o f the c ry s ta l from the so lu t io n , 
a process, which is  extrem ely c r i t i c a l  fo r  d e ta ile d  su rface  microtopog- 
raphy sp ec ia l a tte n tio n s  was paid. The procedure fo r the separation  o f 
the c ry s ta l from the supersaturated so lu t io n , in such a way, tha t clean 
su rface  area su ita b le  fo r  su rface  observation  by means of d i f f e r e n t ia l  
in te r fe ren ce  and phase co n tras t microscopy can be obtained, has been 
described e x ten s ive ly  in previous work [34 ,31 ]. I t  is  to be noted, how- 
e ve r, tha t in con trast to th is  e a r l ie r  work, now not one o f the tops or 
edges o f the octahedral c r y s ta ls  were cut o f f ,  but that "com plete" as-
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grown c r y s ta ls  were placed in the vessel , where they were allowed to 
grow fo r a few days.
The observations o f the as-grown {001} fa ces , were ca rr ied  out by 
making use o f a h ig h ly  s e n s it iv e  o p tic a l phase co n tras t microscope, 
f i t t e d  w ith  a 95% absorption phase p la te . Using th is  microscope, com- 
bined w ith  high co n tras t photographic em ulsion, i t  is  possib le  to  reveal 
extrem ely low step h e ig h ts , as low as 2.3A [3 5 ,3 6 ]. The ap p lica tio n  o f 
o p tic a l microscopy to study su rfaces o f aqueous so lu tio n  grown c ry s ta ls  
has been tre a ted  in several papers [34 ,37-40 ] .
2.3- Determination of the dislocation structure
In order to  in ve s tig a te  the d is lo c a t io n  s tru c tu re  in the growth 
secto rs  re la te d  to  those (100) fa ces , from which the lin e a r  growth 
ra tes had been measured, s l ic e s  p a ra l le l to  {110} were cut from the 
c r y s ta ls  in question , by means o f a wetted metal w ire  saw. As i l lu s t r a -  
ted in f ig u re  1, th is  can be done in two ways. From th is  i l lu s t r a t io n  
i t  is  c le a r ,  th a t i t  is  not possib le  to  tra ce  the course o f the d is lo ­
c a t io n s , when they are Crossing a sec to r boundary between the {100} and 
a {111} growth se c to r , fo r a l l  the four se c to r boundaries. When the 
s l ic e  is  cut from the c ry s ta l as ind ica ted  by the dotted l in e s ,  i t  is  
not po ss ib le  to fo llo w  com pletely the course o f the d is lo ca t io n s  Cros­
sing the se c to r boundaries AA'D'D and B B 'C 'C . When the s l ic e  is cut 
from the c ry s ta ls  as shown by the dashed lin e s , the t ra je c to ry  of the 
d is lo c a t io n s  Crossing the secto r boundaries A A 'B 'A  and DD'C'C cannot be 
fo llowed com plete ly .
To prevent in te rfe ren ce  o f su rface  d e fe c ts , w ith  the X-ray topog- 
raph ic image, the s l ic e s  were s l ig h t ly  etched w ith  deionized water.
A ll topographs were made by the Lang technique [ 4 l ] ,  using CuKa^
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Fig. 1. The two possibilities to out a slioe parallel to {110} out
of a crystal.
(A = 1.5406A) or AgKa^ {\ = 0.559^A) ra d ia t i on. Severa l re f le c t io n s
such as {220} and {004} were used.
3. RESULTS, OBSERVATI ONS AND DISCUSSION
3 . 1 .  The linear growth rate and the dislocation structure
3 .1 .1 . The differential linear growth in dependence on relative 
supersaturation and time
In the figu res  2a and b, the sim uItaneous1y measured lin e a r  growth 
rates o f one {100} face and one {111} face  are g iven , a t a re s t r ic te d  
number o f r e la t iv e  su p e rsa tu ra tio n s , as a function  o f time fo r the c ry s ­
ta ls  25, 26, 27 and 28. On top o f the re le van t parts o f these f ig u re s , 
the average va lues o f the r e la t iv e  supersa tu ra tions times 100, during 
an experiment and the re g is tra t io n  number of the experiments are given 
fo r  each c r y s t a l .  For most o f the experim ents, the abso lute  e r ro r  in
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Fig. 2a. The differential linear growth rate in nm/s of the orys- 
tals 25 and 26 in days. On top the registration number of the experi­
ments .and the average relative supersaturations are given.
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Fig. 2b. The differential linear growth rate in nm/s of the crys­
tals 27 and 28 in days. On top the registraticn number of the experi­
ments and the average relative supersaturations are given.
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the d i f f e r e n t ia l  lin e a r  growth ra te  [1 ] is equal to 0.7 nm/s and some- 
times even sm alle r. Only fo r  a small number of experim ents, the abso­
lu te  e rro r in the d i f f e r e n t ia l  lin e a r  growth rate  is equal to 1.4 nm/s.
A d e ta ile d  d esc r ip tio n  o f the way in which the value o f the absolute 
e r ro r  in the d i f f e r e n t ia l  lin e a r  growth rate  can be obtained is given 
e 1 sewhere (1) .
From the fig u res  2a and b i t  can be seen, that a t the beginning 
o f the experiments w ith the c ry s ta ls  25, 26, 27 and 28, the growth 
ra tes of the {100} faces show a sharp dee lin e . A fte r th is  period , which 
v a r ie s  from 8 hours fo r c ry s ta l 26 to 30 hours fo r c ry s ta l 25, the d i f ­
fe re n t ia l lin e a r  growth rate  reaches a minimum value - equal to
0.0 nm/s - and s ta r ts  f lu c tu a t in g  very  ir re g u la r ly  w ith  ve ry  la rge  v a r i ­
a t io n s . As can be seen from the f ig u res  2a and b, the l in e a r  growth 
ra tes o f the {100} faces o f a l l  c r y s ta ls  vary from complete a rre s t  of 
growth, to  va lues up to about 10 times the values of the more or less 
constant lin e a r  growth rate  o f the {111} faces. These v a r ia t io n s  in the 
d i f f e r e n t ia l  lin e a r  growth ra te  are twenty to f i f t y  times la rg e r , than 
the absolute e rro r  in the d i f f e r e n t ia l  lin e a r  growth rate  and about 10 
times la rg e r , than the v a r ia t io n s  in the d i f fe r e n t ia l  lin e a r  growth 
ra te  o f the {111} fa ces . Elsewhere [1 ],  i t  has been shown, tha t the 
v a r ia t io n s  in the d i f f e r e n t ia l  lin e a r  growth cannot be a ttr ib u te d  to 
experim ental e rro rs  alone and must be, a t le a s t p a r t ly ,  due to " r e a l "  
v a r ia t io n s  in the lin e a r  growth ra te , i . e .  inherent to  the c ry s ta l 
growth process i t s e l f .  There i t  was concluded, that no unambiguous r e l ­
a tio n  e x is ts  between the lin e a r  growth rate  and the r e la t iv e  supersatu ­
ra tio n  fo r the {111} fa ce . I t  is  c le a r ,  that a lso  fo r  the {100} faces 
o f potash alum no unambiguous re la t io n  e x is ts  between growth ra te  and 
r e la t iv e  su persa tu ra tion .
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TABLE 1
Maximum and minimum linear growth rate at 3 d ifferen t in terva ls for the re la tive  supers
Crystal Rel. Supersat .: 1.1-1.3.10'2 Rel. Supersat. 1.7-1.8.10"2 Rel . Supersat.:
Max. Lin. Min. Lin. Max. Lin. Min. Lin. Max. Lin. M
Gr. Rate Gr. Rate Gr. Rate Gr. Rate G r . Rate G
(nm/s) (nm/s) (nm/s) (nm/s) (nm/s)
25 9.7 0.0 4.8 0.0 35.3
26 10.2 0.0 6.0 0.0 30.5
27 2.5 0.0 3.2 0.0 20.2
28 - - - - 17.6
31 5.8 0.0 7.8 3.0 10.2
For the {111} faces a s im ila r ,  although much less pronounced de­
el ine in the d i f f e r e n t ia l  l in e a r  growth rate  w ith  time can be observed 
from the f ig u res  2a and b. A p re lim in ary  explanation fo r  th is  behaviour 
o f the d i f f e r e n t ia l  lin e a r  growth rate  o f the {111} faces has been given 
elsewhere [1 ].
From the dependence o f the d i f fe r e n t ia l  lin e a r  growth rates on 
time presented in the fig u res  2a and b, i t  is  n e ith e r po ssib le  to dis- 
tin gu ish  any regu la r p e r io d ic ity  in the f lu c tu a t io n s  o f the d if fe re n ­
t i a l  l in e a r  growth ra te s , nor to  obtain  an idea about the length o f the 
period o f the f lu c tu a t io n s . The abrupt way, in which the changes in the 
d i f f e r e n t ia l  lin e a r  growth ra te  take p lace , suggests, that growth occurs 
according to an “ o n /o ff" mechanism. k/hen th is  is indeed the case , i t  
should be re a liz e d , tha t the d i f f e r e n t ia l  lin e a r  growth rates given in 
fig u re  2 and in ta b le  1, are average values o f the lin e a r  growth ra te , 
in the period between two exposures, which perhaps have nothing to do 
w ith the rea l momentary growth ra te . This h n p lies , tha t in the period 
between two exposures the momentary lin e a r  growth ra te  might have been 
much la rg e r fo r a couple o f m inutes, than the obtained average value 
and that even the in tab le  1 given maximum values fo r the d i f fe r e n t ia l  
lin e a r  growth ra te  a re  not very r e l ia b le .  From th is  argument i t  is 
c le a r ,  th a t i t  is  not ve ry  useful to construct a "maximum" lin e a r  
growth ra te  versus r e la t iv e  supersaturation  curve from the data given 
in tab le  1. In tab le  1, the maximum and the minimum d i f f e r e n t ia l  lin e a r  
growth ra tes a re  presented, fo r 3 d if fe re n t  in te rv a ls  o f the r e la t iv e  
supersaturat io n .
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Fig. 3. Relation between the growth rate of {100} potash alum and 
the dislocation structure of crystal 27.
(a) Lang topograph of a (011)slice, g - (022).
(b) Lang topograph of the same (011) slice as in (a), but now with 
g = (400).
(c) Schematic illustration of the growth history and the trajectory 
of the sector boundary.
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3 .1 .2 . The course of the sector boundaries in relation to the Lang 
topographs
In the fig u res  3a and b, re sp e c t iv e ly  the (022) and (400) re fle c-  
t io n s  of the s l i c e ,  cut from c ry s ta l 27 p a ra l le l to (011), are g iven. 
In f ig u re  4 i t  is  shown, that d ispersion  in the lin e a r  growth rate of 
the (100) face w i l l  m anifest as changes in the d ire c t io n  of the course 
of the se c to r boundary between the (100) face and the {111} face.
When the (100) face  does not grow a t a l l ,  or when i t s  growth rate  is 
very  low as compared to  the growth ra te  o f the (111) fa ces , the sector 
boundary w i l l  "grow" in to  d ire c t io n  1. When the lin e a r  growth rate  of 
the (100) face is  large  as compared to the lin e a r  growth rates of the 
{111} fa ces , the secto r boundary w i l l  be formed in to  d ire c t io n s  2.
From th is  argument i t  is c le a r ,  tha t a convenient way to look fo r 
a c o rre la t io n  between d ispersion  in the lin e a r  growth rate  and changes 
in the d is lo c a t io n  s tru c tu re , is  to in ve s t ig a te  the course of the sec-
Fig. 4. The three possibilities for the direction of the sector 
boundary between the growth sectors of a {100} and a {111} face.
to r  boundary w ith in  the c r y s ta l .  Si nee, in co n tras t to the work by 
•Gits-Leon e t a l .  [2 4 ], in the present in ve s t ig a t io n  no growth sector
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boundaries could be observed on the Lang topographs, the t r a je c to r ie s  
o f the se c to r boundaries have to be constructed , from the in s itu  mea­
surements o f the growth rates o f ad jacent {100} and {111} faces pre- 
sented e a r l i e r .  This is done in f ig u re  3c, where both, the positions 
o f the {100} and {111} faces , at the beginning and end of an ex p e ri­
ment and the path o f the secto r boundary, are g iven. The po sition s of 
the {111} faces as w ell as the course o f the sec to r boundary w ith in  
the c ry s ta l have beén constructed from the same data , from which the 
f ig u re  2b have been constructed. Figure 3c is  reconstructed from the 
dimensions o f the c ry s ta l in the end s itu a t io n , i . e .  a f te r  the removal 
o f the c ry s ta l out o f the flowsystem.
A d iscrepancy w ith respect to the s iz e  of the seed c ry s ta l may be 
seen upon comparing the fig u re  3a and b w ith f ig u re  3c. This is due to 
the fa c t ,  tha t the s l ic e  has been cut from the c ry s ta l perpend icu lar 
to the {111} face from which the lin e a r  growth ra te  has been measured, 
instead o f at an angle o f 35°16' (see a lso  f ig u re  1 ). In regard to the 
u ltim ate  s ize  o f the c ry s ta l d iffe re n ces  between the figu res  3a and b 
on one hand and fig u re  3c on the other hand, may be observed, due to 
some d isso lu tio n  during the cu ttin g  o f the {011} s l ic e  from the c ry s ­
t a l .  From these d is c re p a n c ie s , i t  is c le a r ,  that in th is  way the course 
o f the sec to r boundary w ith in  the c ry s ta l cannot be determined very 
a c cu ra te ly . However, desp ite  th is  inaccuracy in the determ ination o f 
the p o s itio n  o f the secto r boundary w ith in  the c r y s t a l ,  i t  can s t i l l  
c le a r ly  be deduced, from the course o f the d is lo c a t io n  lin e s  on the 
Lang topographs, in which growth secto r the d is lo c a t io n s  were included 
during growth.
In the same manner as fo r  c ry s ta l 27 presented in fig u re  3, Lang 
topographs were made o f a (01T) s l ic e  cut from c ry s ta l 28, which are
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presented in the fig u res  5a and b fo r  the (022) and (400) r e f le c t io n s . 
In f ig u re  5c, the po s itio n s  o f the (100) face  and the ad jacent {111} 
faces fo r  both the beginning and the end o f the experiment, as we 11 as 
the course o f the sec to r boundaries between the (100) face and it s  
ad jacent {111} faces are presented fo r  c ry s ta l 28, in the same way as 
in f ig u re  3c fo r c ry s ta l 27.
One o f the in te re s t in g  asp ects , which can be observed from the 
f ig u res  5a and b, is  the asymmetry in growth ra te  o f the ie f t  {111} 
fa ce : (111) w ith  respect to  the r ig h t {111} fa ce : ( 1ÏT). Probably as 
a re s u lt  o f the much higher number o f screw d is lo ca t io n s  ending on the 
(111) fa ce , than on the (111) fa ce , the growth rate o f the (111) face 
is  much la rg e r , than the growth rate  o f the (111) face . Th is observa- 
t io n  g ives ad d itio n a l support to the assumption that growth o f the 
{111} faces proceeds v ia  a cooperating s p ira l mechanism: a p re lim in ary  
exp lanation  given elsewhere [1 ] fo r  the observed behaviour o f the 
growth rates o f the {111} fa ces .
3 .1 .3 . The correspondence and non-correspondenee between growth rate 
and dislocation structure in the growth sectors
Assuming, that the growth d ispers io n  o f (100) potash alum is  com- 
p le te ly  determined by the d is lo c a t io n  patte rn  w ith in  the f ig u res  3c and 
5c, roughly three d if fe re n t  d ire c t io n s  o f the secto r boundary can be 
expected.
1. When the (100) face does not grow at a l l ,  o r when the growth ra te  
o f the (100) face is  much sm a lle r, than the growth rates o f the {111} 
fa ces , the sec to r boundary wi 11 "grow" in to  the d ire c t io n  ind ica ted  by 
arrow 1 in f ig u re  4. This s itu a t io n  can be expected, when there are no 
screw d is lo ca t io n s  term inating  on the (100) face and growth is  deter-
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Fig. 5. Relation between the growth rate o f {100} potash alum and 
the dislocation structure of crystal 28.
(a) Lang topograph of a (011) slice, g - (022).
(b) Lang topograph of the same (011) slice as in (a), but now with 
g = (400).
(o) Schematic illustration of the growth history and the trajectory 
of the sector boimdary.
184
mined by a two-dimensiona1 n u c lea tion  mechanism w ith a much lower 
growth ra te , or when due to an as ye t unknown mechanism steps are re- 
tarded , or even become immobile.
2. When the growth ra te  of the (100) face is  much la rge r than the 
growth rates of the {111} fa ce s , the secto r boundary w i l l  ' ‘grow11 into 
the d ire c t io n  ind ica ted  by arrow 2 in f ig u re  4. This s itu a t io n  can be 
expected, when at le a s t one d is lo c a t io n  w ith  a screw component is  te r-  
m inating on the (100) face and growth proceeds v ia  a s p ira l growth 
mechanism. Typ ica l examples o f th is  s itu a t io n  can be observed from the 
fig u res  3c and 5c, a t the beginning o f the experiments w ith  each c ry s ­
t a l .  As can be seen from the figu res  3a, 3b, 5a and 5b, q u ite  a number 
o f d is lo ca t io n s  w ith  a screw component are ending on the (100) fa ce , 
during these periods. Probably, these d is lo ca t io n s  are formed at liq u id  
in c lu s io n s , re su lt in g  from healing  o f the seed c r y s ta l ,  a f te r  i t  has 
been mounted in to  the c e l l o f the flowsystem and the experiment has 
been s ta r te d . When i t  is assumed, that the growth o f the (100) face 
is com pletely a rre s ted , when the outcrop o f the la s t  screw d is lo c a t io n  
is " re f r a c te d "  to  the growth sec to r o f an adjacent {111} fa ce , th is  
la s t  screw d is lo ca t io n  w i l l  be entrapped in the region o f the sec to r 
boundary between the (100) face and one o f the {111} fa ce s . In th is  
s itu a t io n , the se c to r boundary w i l l  "grow" in to  a d ire c t io n  intermedi- 
ate  between 1 and 2: in f ig u re  4 ind ica ted  by arrow 3- S im ila r  to 
Chernov e t a l .  [4 2 ], from simple goniometry the fo llow ing  re la t io n  be­
tween the growth rates o f the (100) fa ces , R ^ gg ) and the growth rates 
o f the {111} fa ces , R ^ ^ j ,  can be obtained:
where 6 is the angle between the d is lo ca t io n  and the (100) face and a 
is  the angle between the {111} faces and the (100) fa ce . The course of 
the sec to r boundaries between the (100) face and the {111} faces found 
from the present in v e s t ig a t io n , is  not com pletely in agreement, w ith  
the t r a je c to r ie s  o f the se c to r boundaries found by G its-Leon e t a l .
[2b], For the time being i t  is  not possib le  in th is  s itu a t io n  (where 
the se c to r boundaries "grow" in to  d ire c t  ion 3) to  decide , whether growth 
occurs according to a s p ira l growth mechanism, in the way as described 
above, or according to a two-dimensiona1 nucleation  mechanism as sug- 
gested by Gits-Leon e t a l .
From the Lang topographs o f the c ry s ta ls  25, 26 and 31 (not shown) 
and the Lang topographs o f c r y s ta ls  27 and 28, shown in the f ig u re s  3a, 
3b, 5a and 5b, we have not been ab le  to d is t in g u ish  a p o s it iv e  co rre la-  
tio n  between the changes in the growth rates o f the (100) faces and the 
changes in the d is lo c a t io n  s tru c tu re  in the growth secto rs  o f the (100) 
faces o f these c r y s ta ls .  Th is statem ent does not n e ce s sa r ily  imply tha t 
such a c o rre la t io n  does not e x is t .  Factors h indering the in v e s t ig a t  ion 
o f the c o rre la t io n  between d ispers io n  in the lin e a r  growth ra te  and the 
d is lo ca t io n  s tru c tu re  are the re s t r ic te d  reso lv ing  power o f the Lang 
technique and the low accuracy in the determ ination o f the p o s itio n  o f 
the sec to r boundary (see sec tion  3 .1 .2 . ) .  Moreover, i t  must be kept in 
mind, tha t the course o f the d is lo ca t io n s  over on ly two o f the four 
se c to r boundaries can be traced .
One o f the most in t r ig u in g  and unexpected fe a tu re s , which can be 
deduced from the f ig u res  3a, 3b, 5a and 5b is ,  that d is lo c a t io n s  w ith  
a screw component may term inate on the (100) faces even in a period , 
when complete a rre s t  o f the growth o f these faces has been observed.
For c ry s ta l 27, th is  phenomenon can be obseryed during the experiments
186
4, 5 and 7: ind ica ted  in fig u re  3 by re sp e c t ive ly  a , b and c. For c ry s ­
ta l 28, th is  phenomenon can be observed during the experiments 4, 6 
and 8: ind ica ted  in f ig u res  5 by re sp e c t ive ly  d, e and f .  By in s itu  
Lang topographic observations a s im ila r  beKlaviour o f the growth rates 
o f the {101} faces o f ADP have been observed by Chernov e t a l .  [42 ].
This behaviour o f the growth rate  of (100) faces is  not in agree- 
ment w ith  the g en e ra lly  accepted sp ira l growth theory o f Burton, Cabrera 
Cabrera and Frank. In order to  exp la in  th is  behaviour o f the growth 
ra te  o f the (100) fa ces , i t  is suggested, that a mechanism e x is ts , 
which s ta r ts  and stops the advancement o f the steps o f the growth spi- 
r a ls ,  re su lt in g  from the outcrops o f screw d is lo c a t io n s  on th is  face.
As an a lt e rn a t iv e ,  i t  can be assumed, that the growth rates o f the (100) 
faces are  determined by o th e r, non v is ib le ,  screw d is lo c a t io n s  in the 
growth se c to r. Apart from the fa c t ,  that i t  is not l i k e ly ,  that such 
screw d is lo ca t io n s  e x is t ,  the question remains, why these screw d is lo ­
c a t io n s , which are capable to act as a source fo r s p ir a l growth are 
not a c t iv e . Another p o s s ib i l i t y  to exp la in  the observed behaviour of 
the growth ra tes o f the (100) faces - complete a r re s t  o f growth, when 
two screw d is lo ca t io n s  o f opposite sign approach each o ther c lo s e ly  
* *
enough (w ith in  19r , where r is  the radius of the c r i t i c a l  two-dimen- 
siona l nucleus) - can be excluded, because in th is  s i tu a t io n ,  due to 
ca n ce lla t io n  e f f e c t s ,  in the Lang topographs the d is lo c a t io n s  w i l l  not 
be v is ib le .
3 .2  The surface morphology and the dislocation structure
The experimental cond itions in the v e s se l, which was e s p e c ia lly  de- 
signed to  f a c i l i t a t e  the separation  o f a c ry s ta l from i t s  mother liq u o r - 
in order to prevent the " ru in a t io n "  o f the su rface  p a tte rn  as much as pos-
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Fig. 6. Phase contrast microphotographs of the surface of the (100) 
face of arystal 1 showing:
(a) Growth hillock near the edge of the crystal, resulting from the 
outcrop of the "refracted" dislocation, shown in the Lang topograph 
of Fig. 7.
(b) Train of very low steps (step height: 12 .2k) at the centre of the 
(100) face, originating from the growth hillock of (a ) .
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s ib le  - a re  not s ig n i f ic a n t1y d if fe re n t  from the experimental cond itions 
in the flowsystem . For th is  reason, i t  can be assumed, tha t the informa- 
t io n  on the su rface  morphology obtained by way of a p o s te r io r i observation  
on c ry s ta ls  grown in th is  ve s se l, is  a lso  re levan t fo r  the c ry s ta ls  grown 
in the flowsystem . From the c ry s ta ls  grown in th is  vessel the growth 
fea tu res  o f three c ry s ta ls  w i l l  be discussed in the subsequent part.
Crystal 1: In the figu res  6a and b phase co n tras t micrographs are 
given o f a w e ll developed {100} face  o f th is  c r y s ta l .  In f ig u re  6a a 
growth h i l lo c k  can be seen near the edge p a ra l le l to [0 1 1 ], being the 
in te rs e c t io n  l in e  between the present (100) face  and an ad jacent {111} 
fa ce . F igu re  6b shows a n ear ly  e q u id is ta n t, p a r a l le l  step t r a in  w ith  
very  low step he ig h t, 12.2 A  (one u n it la t t i c e  h e ig h t ), located somewhat 
more near the cen tre  o f the (100) face . Ex tens ive  in ve s tig a tio n  of th is  
(100) face  by means o f phase co n tras t m icroscopy showed, tha t the whole 
step pa tte rn  on th is  face  o r ig in a te s  frfam the growth h il lo c k  presented 
in f ig u re  6a. In order to examine, whether th is  growth h il lo c k  was re- 
la ted  to an outcrop o fa d is lo c a t io n  w ith  a screw component perpend icu lar 
to  th is  fa ce , from th is  c ry s ta l a p la te  p a ra l le l to (011) was cut fo r  X- 
ray d i f f r a c t io n  topography. From th is  p la te  two Lang topographs were made 
using the re f le c t io n s  (400) (given in f ig u re  7) and (022) (not presented ). 
From f ig u re  7 i t  can be seen, th a t no d is lo c a t io n s  w ith  a screw component 
perpendicu1 ar to th is  (100) face are  present in the main part of the 
growth se c to r of th is  face . Only a t the end - ju s t  before the removal 
o f the c ry s ta l from the vessel and ind icated  by 1 in f ig u re  1 - a d is lo c a ­
tio n  w ith  a screw component (Ê  = [1 0 0 ] ) ,  as was deduced from the o r ie n ta t io n  
of the d is lo c a t io n  l in e  and the e x tin c tio n  fo r  the re f le c t io n  (022) [ 3 0 ] )  
is  re fra c ted  from the growth secto r o f a {111} face  to the growth secto r 
o f th is  (100) face . Careful measurements o f the d is tan ce  between the out-
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Fig. 7. Lang topograph showing the "refraation" of a dislocation 
from a {111} face to the adjacent (100) face of crystal 1.
erop of the screw d is lo c a t io n  and the edge o f the ad jacent {111} face  on 
the Lang topograph o f f ig u re  7- 150 + 20 urn and on the phase con trast 
micrograph: 138 um in d ic a te s , th a t most probably, the growth h il lo c k  pre ­
sented in f ig u re  6a, is re la ted  to the re frac ted  d is lo c a t io n  ind icated  
by 1 in f ig u re  7-
In f ig u re  8 a p o la r iz a t io n  micrograph o f the same s l ic e  as used fo r 
the Lang topograph o f f ig u re  7, photographed between crossed p o la r iz e rs , 
is  g iven . C le a r iy  three growth secto rs  can be recognized: Two {111} 
growth secto rs and between the two a (100) se c to r. The d iffe re n ce  in in- 
te n s ity  fo r each secto r on th is  p ic tu re  is  caused by a d iffe re n c e  in de- 
v ia t io n  from the ideal cub ic symmetry, which re su lts  in d if fe re n t  amounts 
o f b ire fr in g en ce  fo r  each o f these se c to rs . From the saw-tooth 1ike pat- 
tern  o f the boundaries between the (100) and {111} se c to rs , i t  can be 
deduced, th a t the growth ra te  o f the (100) face  v a r ie s  considerab ly w ith  
respect to the growth ra tes o f the ad jacent {111} fa ces . A s im ila r  saw- 
tooth 1ike patte rn  has been observed e a r l ie r  fo r the boundaries between
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Fig. 8. Stress birefringence micrograph showing irregularly shaped 
sector boundaries between the (100), the (lil) and the (111) growth 
sectors. P denotes the orientation of the polarizer; the analyzer is 
oriented perpendicular tb this direction.
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the growth secto rs  o f the {101} and {111} faces o f potash alum. [3 0 ,3 1 ]. 
A lso  in the f ig u re  3c and 5c, in which the growth h is to r ie s ,  reconstruc- 
ted from growth ra te  data , are  given fo r  the c r y s ta ls  27 and 28 respec- 
t i v e ly ,  a saw-tooth 1ike sec to r boundary can be observed. So, the re s u lt ,  
o f th is  a p o s te r io r i in ve s tig a tio n  by means o f s tre ss  b ire fr in g e n ce  
m icroscopy, is in good agreement w ith  the re su lts  from the in s itu  mea- 
surements o f the growth ra tes  given in the f ig u res  3c and 5c.
Another in te re s t in g  asp ect, which can be deduced from the v a r ia t io n  
in path o f the cen tre  o f the (100) fa ce , ind icated  in f ig u re  8 by the 
dashed l in e ,  is  the d isp ers io n  in the growth ra te  o f the {111} faces . As 
can e a s i ly  be seen in f ig u re  8, a t f i r s t  the growth ra te  o f the le f t  {111}
face , ' s nnuch la rg e r than the growth ra te  o f the r ig h t {111} fa ce ,
2 2 1then they become equal , next R ^ ^  is  somewhat la rg e r than R^  ^  j
1 2 and f  inal ly-R^i 11 j  is a g a in  la rge r than R^- -j i ■] - By means o f simple gonio-
metry i t  can be deduced from the ra t io s  AB/CD in f ig u re  8, tha t the ra t io  
1 2^ {1 1 1 } / R {1'11 } v a r ie s  from 3-3 to 0.6. S ince both {111} faces have been 
grown simu1taneously in the same system i . e . ,  under id e n t ic a l experimental 
co n d itio n s , i t  can be concluded, that the {111} faces must e x h ib it  a con- 
s id e rab le  d isp ers io n  in the growth ra te , confirm ing the re su lts  o f part 1.
The re su lts  o f the in ve s tig a tio n s  o f th is  c ry s ta l can be summarized 
as fo l lo w s :
1. Growth o f the {100} face occurs, as can be concluded from the step pat- 
te rns v is ib le  in the f ig u re s  6a and b, v ia  a step flow  mechanism invo lv ing  
steps, o r ig in a t in g  from a growth h il lo c k ,  re la ted  to the outcrop o f a 
d is lo c a t io n  w ith  a screw component perpend icu lar to th is  fa ce . This g ives 
a strong confirm ation  o f the occurence o f s p ira l growth on {100} potash 
alum, which was deduced in previous work [3 4 ] from su rface  microtopo- 
graphy.
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2. I t  is  n e ith e r po ss ib le  to  fin d  a p o s it iv e  co rre la t io n  between the 
changes in the growth ra te  and the changes in the d is lo c a t io n  s tru c tu re , 
nor to find  a negative  c o r r e la t io n : A sudden increase in the growth ra te  
and the subsequent period w ith  a high growth ra te  cannot be co rre la ted  
to the appearance or presence o f a screw d is lo ca t io n  outcrop on th is  
face . I t  is  a lso  not p o ss ib le  to c o rre la te  the sudden decrease o f the 
growth ra te  and the subsequent period o f low growth ra te  or a rre s t  o f 
growth, to  the disappearance or absence o f an outcrop o f a screw d is lo ­
ca tion  on th is  face . However, i t  must be kept in mind, tha t on ly the d is lo ­
ca tio n  s tru c tu re  in a re s t r ic te d  part o f the c ry s ta l has been investigated  
and that maybe the changes in growth ra te  are  re la ted  to d is lo ca t io n s  
Crossing the other secto r boundaries.
An in te re s tin g  asp ect, which can be deduced from the f ig u res  6a and 7 
is ,  tha t desp ite  the fa c t ,  that a t the end o f the experiment w ith  th is  
c r y s t a l ,  a d is lo c a t io n  w ith  a screw component perpend icu lar to the (100) 
fa ce , is  " re f r a c te d "  from the growth secto r o f a {111} face  to the growth 
sec to r o f th is  (100) fa ce , the sec to r boundary between them "grows" in to  
the in term ed iate  d ire c t io n  3- From th is  observation  i t  can be concluded, 
tha t the (100) face  can grow a t moderate growth ra te s , even when outcrops 
o f d is lo ca t io n s  w ith  a screw component perpend icu lar to  th is  fa ce , are 
present on i t .
Crystal 2: In f ig u re  9a c ry s ta l 2 is  presented in a schematic way. ln 
th is  i l lu s t r a t io n  the step patte rn  observed on the (100) face  and the area 
presented in the su rface  m icrotopograph in f ig u re  9b are g iven . In f ig u re  
9b a phase co n tras t micrograph can be seen, showing a more or less 
e q u id is tan t p a ra l le l  step t r a in  w ith  very low step he igh t: 12.2 A  (one 
u n it la t t i c e  h e ig h t), o r ig in a t in g  from a growth centre  located near an 
[0 11 ] edge o f the (100) face . In order to v e r i f y ,  by means o f X-ray d if-
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(c)
Fig. 9. Some growth characteristics of crystal 2:
(a) Schematic illustration of the growth phenamena on the (100) face 
and the way, in which the slice parallel to {110} is cut out of crys- 
tal 2, for the Lang topograph presented in (b) .
(b) Phase contrast microphotograph of the (100) face, showing a step 
train with very low step height: 12 .2A.
(c) Lang topograph showing the dislocation structure in the growth 
sector of (100).
9(400)
1 mm
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f ra c t io n  topography, whether th is  growth centre  is  re la ted  to an outcrop 
of a d is lo c a t io n  w ith  a screw component perpend icu lar to the (100) face , 
a s l ic e  was cut from th is  c ry s ta l p a ra l le l to ( 0 Ï1) in the way as shown 
in f ig u re  9a. From th is  c ry s ta l p la te , two Lang topographs have been made: 
one using the (022) r e f le c t io n , which is  not presented here and one, given 
in f ig u re  9c, by making use o f the (400) r e f le c t io n . From the topograph 
9c, i t  can be seen, th a t the source o f the step t ra in  on the (100) face  is 
indeed re la ted  to  a d is lo c a t io n  w ith  a screw component perpend icu lar to 
the {100} fa ce , entrapped in the secto r boundary between the (100) face 
and i t s  ad jacent {111} face . The Burgers vecto r o f th is  d is lo c a t io n , which 
is ind icated  by an arrow in f ig u re  9c, is  equal to  [1 0 0 ], as can be de- 
duced from the lin e  d ire c t io n  and it s  e x tin c tio n  on the (022) topograph.
As, i t  was not po ss ib le  to measure the growth ra tes o f the faces of 
th is  c r y s t a l ,  or to  observe the growth sectors in th is  c ry s ta l by stress  
b ire fr in g en ce  m icroscopy, i t  is not p o ss ib le , to say anyth ing about the 
c o rre la t io n  between the changes in growth rates and the changes in d is lo ­
ca tion  s tru c tu re . The abnormal la rge  s ize  o f the in vestiga ted  (100) face 
on th is  c r y s t a l ,  which im p lies , tha t the secto r boundary has "grown" in to  
the in term ed iate  d ire c t io n  3 in f ig u re  4, is  a phenomenon, which w i!1 be 
treated  on in section  3-3-
Crystal 3: In f ig u re  10a a schematic i l lu s t r a t io n  o f c ry s ta l 3 is 
presented. In th is  diagram, the c rea tio n  o f bundles o f d is lo c a t io n s , o r i-  
g ina ting  from a row o f liq u id  in c lu s io n s , formed as a re su lt  o f a small 
"a c c id e n t"  during the growth process, is sketched. These d is lo ca t io n  
bundles "ru n " in to  the growth secto r o f a {111} fa ce , as w e ll as in to  the 
growth secto r of the (100) face  and re su lt  in a low angle g ra in  boundary 
ending on both faces . In f ig u re  10b a phase co n tras t m icrograph is  pre­
sented, showing a group o f growth h il lo c k s  located a t the outcrops o f the
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Fig. 10. Some growth characteristics of arystal 3:
(a) Schematic illustration of the crystal, showing a raw of liquid 
inclusions, fornned simultaneously as a result from a small accident 
during growth. From the liquid inclusions originate bundles of dis­
location, leading to low angle grain boundaries on the (100) face and 
an adjacent {111} face.
(b) Phase contrast microphotograph, showing the growth hillocks of  
the low angle grain boundary.
(c) Differential interference microphotograph, showing the etchpit 
pattem, which was obtained after the etching of the same area as 
in (b), indicating, that the growth hillock of (b) are related to 
screw dislocations.
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d is lo ca t io n s  in the low angle g ra in  boundary a t the (100) face . Etching 
o f the same su rface  area as shown in f ig u re  10b, using deionized w ater, 
revea ls  the etch  p i t  pa tte rn  given in the d i f f e r e n t ia l  in te rfe ren ce  con­
t r a s t  micrograph presented in f ig u re  10c. I t  can c le a r ly  be seen, that 
each growth h il lo c k  a f t e r  etch ing turns in to  an etch  p i t .  This observa­
tio n  g ives a d d it io n a l proof fo r  the re la t io n  o f growth h il lo c k s  on {100} 
potash aium and d is lo c a t io n  outcrops. A s im ila r  correspondence between 
growth h il lo c k s  or s p ir a ls  on as grown su rfaces has been shown e a r l ie r  fo r 
among o th e rs : SiC by Amelinckx e t a l .  [4 3 ] ,  s t e a r ic  acid  by Sato et a l .
[4 4 ] ,  {111} potash alum by one o f us [4 5 ] and on {101} KDP [4 6 ] .
For the same reasons as mentioned fo r  c ry s ta l 2, i t  is  not p o ss ib le , 
to say anything about the c o rre la t io n  between the changes in growth rate  
and the changes in d is lo c a t io n  s tru c tu re . However, from the d istances h^  
and h^, from the c ry s ta l su rface  o f re sp e c t iv e ly  the {111} face  and the 
(100) face to the row o f liq u id  in c lu s io n s , i t  can be concluded, tha t the 
secto r boundary on the average has "grown" in to  the in term ediate  d ire e t  ion
3. From th is  ob se rva tio n , i t  can be concluded aga in , tha t a (100) face can 
grow a t moderate growth ra te s , even when outcrops o f d is lo c a t io n s  w ith  a 
screw component perpend icu lar to th is  face  are present on i t .  Further 
im p lica tions o f th is  observation  w i l l  be discussed la te r  on in section  
3-3.
3-3- Final remarks
in l i t e r a tu r e  two explanations have been given fo r observed changes 
in the d ire c t io n  o f a secto r boundary between the growth sectors of two 
d if fe re n t  types o f c ry s ta l faces.
Gits-Leon e t a l .  [2 4 ] have observed two d if fe r e n t  o r ien ta t io n s  o f the 
secto r boundary between the cubic and octahedral growth sectors o f potash
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alum: the d ire c t io n s  ind ica ted  by the arrows 2 and 3 in f ig u re  k. In order 
to exp la in  the changes in the course o f the sec to r boundary between the 
{100} and {111} growth se c to rs , i t  is  proposed, tha t during "growth" o f 
the secto r boundary in to  d ire c t io n  2, growth is com pletely determined by 
one or more growth s p ir a ls ,  re la ted  to d is lo c a t io n s  w ith  a screw component 
perpend icu lar to th is  fa ce , re su lt in g  in a high growth ra te . Due to th is  
high growth ra te , the (100) face  w i l l  decrease in s ize  and the screw d is ­
lo ca tio n s , e ve n tu a lly  ending on i t ,  w i l l  be " r e f r a c te d "  to an ad jacent 
{111} face . When no screw d is lo c a t io n  outcrops are  present on the (100) 
fa ce , the growth ra te  w i l l  drop considerab le  and growth w i l l  occur, a cco r­
ding to a nuc lea tion  mechanism. This exp lana tion , however, is  not capable 
to account fo r  the observed a r re s t  of growth, during the present in ve s ti-  
gation  and fo r  the changes in the d ire c t io n  o f the sec to r boundary, during 
an experiment under constant cond ition s ( r e la t iv e  su persa tu ra tion , flow  
v e lo c i ty  e t c . ) .
A second exp lana tion , fo r changes in the d ire c t io n  o f a secto r boun­
dary between the growth secto rs o f two d if fe re n t  types o f c ry s ta l fa ces , 
has been given by Chernov e t a l .  [42 ], in an attempt to  c o rre la te  the 
observed d ispers io n  in the growth ra tes o f the {011} faces of ADP to 
changes in the d is lo c a t io n  s tru c tu re  in the growth secto r o f th is  face .
Th is model, modified fo r  the case o f {100} potash alum is based on the 
fo llo w in g  assumptions:
( i )  When a d is lo c a t io n , w ith  a screw component perpend icu lar to the {100} 
fa ce , term inates on th is  fa ce , i t s  growth ra te  w i l l  be much la rge r than 
the growth rates o f the {111} faces (more than two times as la rg e ).
( i i )  When no d is lo c a t io n s  w ith  a screw component perpend icu lar to the {100} 
face  are term inating  on th is  fa ce , i t s  growth w i l l  n ear ly  com pletely be 
a rres ted .
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( i i i )  During growth the d is lo ca t io n s  w i l l  not move through the c r y s ta l ,  
as a re s u lt  o f g lid e .
When th is  model is  adopted, i t  is  c le a r ,  that a f te r  some time the 
la s t  screw d is lo ca t io n  on the {100} face  w i l l  be entrapped w ith in  the 
region o f the secto r boundary between the growth secto rs o f the {100} and 
{111} fa ces . In th is  s itu a t io n  the growth ra te  o f the {100} fa ce , 100}’ 
is  re la ted  to the growth ra te  o f the {111} fa ce , according to equation 
(3 .1 ) .  I f  i t  is  assumed, tha t the ang le , 6, between the {100} face and the 
d ire c t io n  o f the d is lo c a t io n  l in e  ( fo r  as ye t unknown reasons) is  not con­
s ta n t , but may va ry  w ith  tim e, the changes in the d ire c t io n  o f the secto r 
boundary can be e a s i ly  understood from th is  form ula. N eve rth e le ss , the 
occurrence o f complete a rre s t  o f growth o f the {100} faces is d i f f i c u l t  
to  be explained by means o f th is  model: I t  must be re a liz e d , tha t never 
complete a rre s t  o f growth o f the {111} faces has been observed and tha t 
the growth ra te  o f the {111} faces is  more o r less constant (see part I ) .  
Hence, complete a rre s t  o f growth o f the {100} fa ces , according to equation 
(3-1 ), can on ly  be expected when & becomes equal to zero i . e . , a f t e r  re- 
fr a c t io n  in to  the {111} secto r the d is lo c a t io n  l in e  "ru n s " p a ra l le l to 
the {100} fa ce . Except fo r  the di s lo ca tio n  wi th ï  = [ 011 ], which is of 
pure edge type in a {100} growth secto r [3 0 ] and thus cannot lead to  a 
s p ira l growth mechanism on the cub ic fa ce s , th is  d ire c t io n  o f a d is lo c a t io n  
l in e  has not been observed in the in vestig a ted  c ry s ta ls .
From the above given arguments, i t  is  c le a r ,  tha t the observed d is ­
persion in the growth ra te  o f the {100 } faces in the present in ve s tig a tio n  
cannot be explained in terms o f the above described models and that an­
o ther fa c to r  must p lay an important ro le . Combining the re su lts  o f part 
3 .1 : complete a rre s t  o f growth, even when outcrops o f d is lo c a t io n s  w ith  
a screw component perpend icu lar to the {100} face  a re  present on th is  fa ce ,
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w ith  the re su lts  o f part 3-2: growth v ia  a step flow  mechanism, as can be 
concluded from the presence o f ex tensive  step pa tte rn  on the {100} faces 
o f a l l  in vestig a ted  c r y s ta ls ,  i t  must be concluded, tha t due to an as 
ye t unknown mechanism steps are  retarded or even become immobile.
Although no d e ta ile d  model fo r the mechanism, which s ta r ts  and stops 
step movement, is  presented, some p re lim in ary  ideas, which may serve as 
a s ta r t in g  po int fo r  fu r th e r  th e o re t ic a l and experim ental in ve s tig a tio n  
w i l l  be g iven. F i r s t ,  s ince  the whole face  stops and s ta r ts  to  grow and 
in one case complete a rre s t  o f growth has been observed, w h ile  more than 
one d is lo c a t io n  w ith  a screw component perpendicu1 ar to the {100} face 
was ending to th is  face  (c ry s ta l 28 ), the mechanism cannot be a loca l one, 
but must be ab le  to govern the whole fa ce . The f i r s t  idea, which comes 
in to  mind, to exp la in  the observed d ispers io n  in the lin e a r  growth rate  
o f the {100} faces and which a lso  has been described by Chernov et a l .
[4 2 ] ,  is  to re la te  th is  d ispers io n  in the growth ra te  to the absorption 
o f im p urities  on the c ry s ta l su rface . Growth may be a rre s ted , when the 
whole su rface  o f the {100} face  or on ly the steps on th is  su rface  are 
covered by the im purity . Growth o f such an im purity la y e r may proceed 
v ia  a nuc lea tion  mechanism i . e . ,  f i r s t  a c r i t i c a l  nucleus has to be formed 
on the c ry s ta l su rfa ce , before the im purity can cover the whole su rface  
or the steps and the growth o f the {100} face  stops. Growth o f the {100} 
face  may s ta r t  again v ia  a s im ila r  nuc lea tion  mechanism o f normal growth 
un its  on top of th is  im purity la y e r . This mechanism may a lso  g ive  a reason­
ab le  exp lanation  fo r  the random way, inw h ich  the changes in the growth ra te  
take p lace . W ith regard to the nature o f th is  im purity nothing is  known, 
but since no growth bands were observed in the in vestiga ted  c r y s ta ls ,  i t  
must be re a liz e d , that th is  im purity may be one o f the normal growth u n its  
from the so lu tio n . Other p o ss ib i1i t ie s  to exp la in  the d ispers io n  in the
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growth rates may be o ffe red  by su rface  reconstruction  or su rface  s t ra in  
re lax a tio n  and by changes in the absorption la y e r , which as pointed out in 
part I [ 1 ], may e x is t  around a growing c r y s ta l.
b. CONCLUSI ONS
From the combined measurements o f the lin e a r  growth rates o f the 
{111} and (100) faces o f potash alum and Lang topographic stud ies o f 
the d is lo ca t io n  s tru c tu re  o f the same c ry s ta ls  and stud ies o f the su r­
face morphology from the re su lts  o f th is  in ve s tig a tio n  the fo llow ing  
conclusions can be form ulated:
1. The observed v a r ia t io n s  in the lin e a r  growth rate  are inherent to 
the c ry s ta l growth process i t s e l f ,  i . e .  the {100} faces o f potash alum 
e x h ib it  a considerab le  d ispersion  in th e ir  growth ra tes .
2. Due to d ispersion  in the lin e a r  growth rate  i t  is n e ith e r possib le  
to decide according to which mechanism growth occurs, nor to  g ive  a rea- 
sonable estim ation  o f the v a r ia b le  governing c ry s ta l growth: and R
in the case o f s p ira l growth or A and B in the case o f two-dimensional 
nu c lea tio n  growth.
3. Changes in the growth ra te  o f the (100) faces can not a lw ays, be 
re la ted  to changes in the d is lo ca t io n  s tru c tu re  in the growth sectors 
o f the {100} faces.
k. Completely a rre s t  o f growth o f a (100) face can occur even when a 
d is lo c a t io n  w ith  a screw component is  term inating  on th is  face . As ex- 
ten s ive  step patterns were observed on the (100) faces o f a l l  c r y s ta ls ,  
th is  im p lies , that due to an as ye t unknown mechanism step can be re- 
tarded o r even become immobile.
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SUMMARY
From reviews on the re su lts  o f experim ental in ve s tig a tio n s  o f c ry s ta l 
growth, i t  i s c le a r ,  that the v e r i f ic a t io n  o f  the c ry s ta l growth th eo ries  by 
experiments is  lagging behind co n s ide rab ly . The main reason fo r  th is  gap 
between theory and experiment is ,  tha t in general the re su lts  obtained ex­
perim ental ly  are  d i f f i c u l t  to in te rp re t w ith in  the ex is tin g  theo ries  and 
i t  is  not c le a r  whether th is  d i f f i c u l t  in te rp re ta t io n  is  due to e rro rs  in 
the experim ental r e s u lts ,  or due to imcompletenesses o f the ex is tin g  theo­
r ie s .
ln part one o f th is  th e s is , a lo t  o f a tte n t io n  is  paid to the e x p e r i­
mental in v e s t ig a t io n  o f the th e o re t ic a l ly  derived  concept o f the roughe­
ning t r a n s it io n . In chapter I I ,  a method is  g iven to determine whether 
under g iven experim ental cond itions a c ry s ta l face is  expected to  grow 
above or below the roughening tem perature. I t  is  shown, that the re su lts  
obtained by th is  method are  in good agreement w ith  the experim enta lly 
observed phenomena. ln chapter l l i ,  more a tte n tio n  is  paid to the pheno- 
menon o f k in e t ic a l roughening. Moreover, in th is  chapter a c la s s ic a l and 
s t a t i s t i c a l  thermodynamic d e r iva t io n  is  g iven  of the equation used, to 
determ ine whether growth occurs above or below the roughening tem perature. 
The th e o re t ic a l re s u lt s a r e  again in good agreement w ith  the experimental 
re s u lts . The re s u lts  o f the chapters I I  and I I I  in d ica te , that the 
roughening t r a n s it io n  i . e .  the tra n s it io n  from la ye r growth to continuous 
growth, experim en ta lly  can be re la ted  to the t ra n s it io n  from faceted to 
non-faceted growth.
In part two o f th is  th e s is , the attem pts to v e r i f y  the e x is tin g  theo­
r ie s  more q u a n t ita t iv e ly  are  trea ted . ln chapter IV an extensive descrip- 
tio n  o f the flowsystem , the experimental e rro rs  involved in the experi-
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ments w ith  th is  system and the accuracy o f the measurements are  given. 
Moreover, in th is  chapter the re su lts  are  presented o f the measurements of 
the lin e a r  growth ra te  o f the {111} fa ces , as a function  o f the r e la t iv e  
supersatu ration  and tim e. The re su lts  are  in te rp re ted  in terms of a co­
operating sp ira l mechanism and i t  is concluded, th a t no unambiguous r e la ­
tio n  e x is ts  between the lin e a r  growth ra te  and the r e la t iv e  supersaturation
i . e . ,  i t  is  concluded, that the lin e a r  growth ra te  is  determined by at 
le a s t one o ther v a r ia b le  apart from the r e la t iv e  su persa tu ra tion . In th is  
chapter, a lso  the anomalous behaviour o f the lin e a r  growth ra te  of the 
{111} fa ces , as a function  o f the r e la t iv e  v e lo c it y  between c ry s ta l and 
so lu tio n , w i l l  be d iscussed. In the chapters V and V I ,  the re su lt  of the 
measurements of the lin e a r  growth ra tes o f the faces {1 1 0 }and {100} are 
presented. Again i t  must be concluded, that no unambiguous re la t io n  e x is ts  
between the lin e a r  growth ra te  and the r e la t iv e  su persa tu ra tion  and a t 
le a s t one o ther v a r ia b le  along w ith  the r e la t iv e  supersa tu ra tion  is  de- 
term ining the lin e a r  growth ra te . The obtained re su lts  fo r  the re la t io n  
between the lin e a r  growth ra te  and the r e la t iv e  supersa tu ra tion  fo r these 
faces cannot be explained w ith in  the framework o f the e x is t in g  th eo ries . 
From the in s itu  observations of the lin e a r  growth ra tes of the {100} 
faces and the a p o s te r io r i in ve s tig a tio n s  o f the d is lo c a t io n  s tru c tu re  and 
the su rface  morphology, the conclusion can be drawn, th a t due to an as ye t 
unknown and not understood mechanism, steps on a growing c ry s ta l su rface  
may be retarded or even become immobile.
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SAMENVATTING
O verz ich ts a r t ik e le n ,  omtrent de re su lta ten  van experim entele onder­
zoekingen op het gebied van k r is t a lg ro e i ,  tonen d u id e li jk  aan, dat er een 
a a n z ie n lijk e  achterstand  bestaat in de v e r i f i c a t i e  van k r is ta lg ro e i theo- 
riën  aan de hand van experimenten. De voornaamste reden voor deze a ch te r­
stand in de v e r i f i c a t i e  van de theorieën is ,  dat in het algemeen de re su l­
ta ten  verkregen aan de hand van d it  soort experimenten m o e ili jk  te  in t e r ­
preteren z ijn  binnen het kader van de bestaande theorieën  en het n ie t  
d u id e li jk  is ,  o f deze m o e ili jk e  in te rp re ta t ie  het gevolg is  van fouten in 
de experim entele re su lta te n , o f van tekortkomingen in de bestaande theorie-
In deel één van d i t  p ro e fs c h r if t  is vee l aandacht besteed aan het 
experimenteel onderzoek naar het op grond van th eo re tis ch e  overwegingen 
a fg e le id e  concept van de veruwings overgang. In hoofdstuk I I  is  een 
methode beschreven, waarmee nagegaan kan worden o f onder gegeven e x p e r i­
mentele omstandigheden een k r is t a lv la k  boven o f beneden de veruwings- 
temperatuur g ro e it . Aangetoond wordt, dat de op deze manier verkregen re su l­
ta ten  goed in overeenstemming z ijn  met de experimenteel waargenomen v e r ­
sch ijn se le n . In hoofdstuk I I I  is meer aandacht besteed aan het fenomeen 
k in e tis ch e  veruwing. Bovendien wordt in d i t  hoofdstuk een k la ss ie k  en 
s t a t is t is c h  thermodynamische a f le id in g  gegeven van de betrekk ing , d ie  
geb ru ik t is  om na te  gaan o f groei p laa ts  v in d t boven o f beneden de 
veruwingstem peratuur. The th eo re tisch e  re su lta ten  z ijn  weer goed in o ve r­
eenstemming met de experim entele re su lta ten . De re su lta ten  van de hoofd­
stukken II  en I I I  geven aan, dat de veruwingsovergang, dat w il zeggen de 
overgang van een lagen groeimechanisme naar een continu groei mechanisme, 
in verband s taa t met de overgang van gefaceteerde groei naar n ie t  ge-
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In deel twee van d i t  p ro e fs c h r if t  worden de pogingen behandeld om de 
bestaande theorieën op een meer k w an tita tie ve  manier te  v e r i f ië r e n .  In 
hoofdstuk IV wordt een u itg eb re id e  b esch r ijv in g  gegeven van het flqw  sys­
teem, de fouten , d ie  d i t  systeem met z ich  toeebrengt en de nauwkeurigheid 
van de metingen. Bovendien worden in d i t  hoofdstuk de re su lta ten  gepresen­
teerd van de metingen van de l in e a ir e  groei snel heid van de {111} vlakken 
a ls  een fu n c t ie  van de r e la t ie v e  oververzad ig ing  en de t i j d .  De re s u lta ­
ten worden ve rk laa rd  aan de hand van een mechanisme van samenwerkende sp i­
ra len  en geconcludeerd w ordt, dat er geen eenduidig verband bestaat tussen 
de g roe isn e lh e id  en de re la t ie v e  oververzad ig ing  en naast de re la t ie v e  
oververzad ig ing , de groei snel heid op z ijn  minst door nog één andere va ­
r ia b e le  bepaald wordt. In d i t  hoofdstuk wordt het abnormale gedrag van 
de l in e a ir e  g roe isn e lh e id  van het {111} v lak  a ls  een fu n c t ie  van de r e la ­
t ie v e  snelheid  van de op lossing  langs het k r is t a l  besproken. In de hoofd­
stukken V en VI worden de re su lta ten  gepresenteerd van de metingen van de 
l in e a ir e  groei snel heden van de vlakken {110} en {100 }. Opnieuw wordt gecon- 
y
s ta tee rd , dat e r geen éénduidig verband bestaat tussen de groei snel heid 
en de re la t ie v e  oververzad ig ing  en naast de re la t ie v e  o verve rzad ig ing , de 
g ro e isn e lh e id  op z ijn  m inst door nog één andere v a r ia b e le  bepaald wordt.
De verkregen resu lta ten  voor het verband tussen de l in e a ir e  g roe isn e lh e id  
en de re la t ie v e  oververzad ig ing  kunnen n ie t  binnen het kader van de be­
staande theorieën ve rk laa rd  worden. Aan de hand van in s itu  waarnemingen 
van de l in e a ir e  groei snel heden van de {100} vlakken en de bestudering van 
de d is lo c a t ie  s tru c tu u r en de opperv lakte  morphologie a c h te ra f , kan de 
conc lus ie  getrokken worden, dat door een vooralsnog onbekend en n ie t  be­
grepen mechanisme, treden op een k r is ta l oppervlak vertraagd  kunnen worden 
en z e lfs  to t s t i ls ta n d  kunnen komen.
faceteerde groei.
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STELLINGEN
1
De zelden op kalium sulfaat (K^SO^) k r is ta lle n  waargenomen vlakken {332} 
en {031}, waarvan de aanwezigheid n ie t met behulp van de "Pe rio d ic  Bond 
Chain" (PBC) theorie verklaard kan worden, z ijn  w e llic h t toe te schrijven  
aan modulaties in het inwendige k r is ta l rooster of aan het oppervlak.
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stanten van i j z e r ( I I ) iodide ten onrechte u it  van een model met v ie r  
subroosters.
D. Petitg rand , A. Brun and P. Meyer,
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4
In het algemeen wordt, b ij  de opzet van een experimenteel fundamenteel 
onderzoek, te weinig gebruik gemaakt van het f e i t ,  dat het in principe 
n ie t mogelijk is om theorieën te v e r if ië re n .
5Vaak wordt ten onrechte een éénduidig verband aangenomen tussen de 
lin ea ire  groeisnel heid van een k r is ta l v lak en de drijvende kracht voor 
kri s ta l 1i sat i e.
6
In het kader van het interpreteren van de resu ltaten  van experimenten op 
het gebied van k ris ta lg ro e i k in e tiek , is het n ie t erg zinvol veel aandacht 
te besteden aan verfijn in g en  van de berekening van de d rijvende kracht 
voor k r is t a l l i s a t ie ,  zolang het n ie t d u id e lijk  is of er een éénduidig ver­
band bestaat tussen deze grootheid en de lin e a ire  groei snelheid .
7
Beeldverwerking is een techniek, die b ij u its tek  geschikt is voor een 
betere in te rp re ta tie  van Lang opnames.
8
Teneinde, aan de hand van experimenteel onderzoek, een u itspraak te 
kunnen doen over de toepasbaarheid van de huidige k r is ta lg ro e i modellen, 
is het noodzakelijk de ontw ikkeling van oppervlakte patronen op k r is ta l-  
vlakken " in  s itu "  te bestuderen.
9
Op grond van economische ervaringen kan geconcludeerd worden, dat be­
perkte energiebronnen meestal te  zuinig in p laats van te snel verbru ikt 
worden.
E. van Broekhoven en E. Bosman in "Energ ie in B e lg ië " (UFSIA, Antwerpen, 
1981).
10
De wijze, w a a r o p  in Nederland de reanimatieproblematiek aangepakt wordt 
met propaganda en cursussen, schept eerder een behoefte, dan dat het 
probleem zelf opgelost wordt.
11
Bij de interpretatie van hun experimentele resultaten gaan Shelby et al., 
voorbij aan de mogelijkheid, dat de fosforescentie e m issie bij een g o l f ­
lengte o v e reenk omend met het k=0 niveau van de laagste triplet exciton 
band, afkomstig kan zijn van een trap behorende bij de iets hoger gelegen 
triplet exciton band.
R.M. Shelby, A.H. Zewail and C.B. Harris,
J .  Chem. Phys. 64 [8 ]  (1976) 3192.
12
Bij het bestrijden van vetzucht zal een koele dokter het altijd afleggen 
tegen een warme bakker.



